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SURVEY OF CHEKtCAL INHIBITION IN FLAMES 

Raymond Friedman 

Atlant ic  Research Corporation, Alexandria, Virginia  

When a f i r e  is extinguished by addi t ion of  a t h i r d  substance t o  fue l  and 
air, the  mechanism of t h e  e f f e c t  obviously may be e i t h e r  blanketing, i.e. separat ion 
of t h e  fuel from t h e  a i r ,  o r  cooling, i.e. reducing t h e  flame temperature t o  t h e  
Point where flame k i n e t i c s  is too slow t o  maintain combustion. 
these e f f e c t s  would depend on t h e  s p e c i f i c  na ture  of the  t h i r d  substance only through 
the  generally well  known physical and especial ly  thermal propert ies  of t h a t  substance. 
Prac t ica l  experience has shown t h a t  some extinguishing agents a r e  s ign i f icant ly  more 
e f f e c t i v e  than can be accounted for  on t h i s  bas i s ,  and  t h i s  f inding has led t o  t h e  
be l ie f  t h a t  chemical inh ib i t ion  may play a key r o l e  i n  f i r e  extinguishment. 
for  t h i s  view w i l l  be b r i e f l y  reviewed here. 
ava i lab le  (1). 

However, e i t h e r  of 

Evidence 
A more de ta i led  review made i n  1957 is 

The most widely known agents believed capable of chemical inh ib i t ion  of 
flames of organic fue ls  f a l l  i n  two classes:  (a) v o l a t i l e  substances containing 
bromine o r  iodine; (b) alkali metal salts (except lithium). While one might think 
i t  would be r e l a t i v d y  simple t o  demonstrate t h e  super ior i ty  of these over other 
chemical substances, i f  such Superiority e x i s t s ,  by making comparative pan-fire 
extinguishment tests, t h i s  has not p r w e n  t o  be so. 
poor reproducibi l i ty  of pan-fire experiments, probably largely due t o  the random 
nature  of the  f r e e  convective gas motion around such f i r e s .  Another complication i s  
t h a t  the  bromine compounds may themselves be f u e l s  (e.g. methyl bromide) or oxidants 
(e.g. elemental bromine). In the  case of salts, t h e r e  are problems of knowledge of 
sur face  area and degree of dispers ion,  and t h e  d i f f i c u l t y  of knowing the  number of 
salt p a r t i c l e s  present per u n i t  volume of burning gases. 
standing, r e s u l t s  of many fire-extinguishment s t u d i e s  tend t o  show t h e  super ior i ty  of 
t h e  above-mentioned c lasses  of compounds over other  substances of similar physical 
propert ies .  

One d i f f i c u l t y  i s  the  notoriously 

These problems notwith- 

The combustion s c i e n t i s t ,  however, would prefer  more than s t a t i s t i c a l  
evidence from model f i r e  s tudies .  H e  has made d e t a i l e d  measurements over the  past  
e ighty years  of flammability limits, burning v e l o c i t i e s ,  and quenching dis tances  of 
premixed combustible gases a t  rest o r  i n  steady s t reamline flow, and he has a t  l e a s t  
p a r t i a l l y  r e l i a b l e  theor ies  which q u a l i t a t i v e l y  r e l a t e  these flame propert ies  t o  t h e  
" f i r s t  principles" of chemical k i n e t i c s  and gas k ine t ics .  
few years  t h a t  measurements of  t h i s  kind have been u t i l i z e d  systematically t o  
examine t h e  question of flame inhibi t ion.  

It is only i n  the past  

Le t  us f i r s t  consider flammability l imi t s .  For example methane-air 
mixtures containing less than roughly f i v e  o r  more than roughly fourteen per cent 
methane 81e not fl8mmable. the  s toichiometr ic  composition lying i n  the middle of 
t h i s  range. 
a point  is-reached where it is no longer flammable. 
addi t iona l  nitrogen is enough t o  render a l l  methane-air mixtures nonflammable. 
the mechanism causing such a l i m i t  is not r igorously known, most combustion s c i e n t i s t s  
would accept the  following explanation. 
reduces t h e  flame temperature, and hence t h e  rate of heat  generation by chemical 
reaction, according t o  t h e  Arrhenius law.  
t h e  cold surroundings a l s o  decreases,  but not as much. 

Upon adding addi t iona l  ni t rogen t o  any flammable methane-air mixture, 
Finally,  th i r ty-e ight  per cent 

While 

Addition of excess d i luent ,  fue l ,  o r  oxidant 

The rate of  heat  loss from t h e  flame t o  
Thus, heat-loss rate tends 



t o  overtake heat-generation rate as the flame is diluted.  The e f fec t  i s  amplified 
by the  f a c t  tha t  a s  t h e  chemical react ion time increases,  in the  cooler flame, there  
is now more time for  heat  loss  from the  react ion zone t o  occur. Thus a f i n i t e  l i m i t  
of flammability is predictable mathematically, governed primarily by the magnitudes 
o f  the  chemical r e a c t i v i t y  and the heat- loss  ra te .  (The r e l a t i v e  importance of con- 
vect ive and r ad ia t ive  heat loss i s  not  yet.  w e l l  understood.) 

Now, i f  elemental bromine vapor (2) is added t o  methane-air, 2.45 mole 
p e r  cent  is suf f ic ien t  t o  render a l l  mixtures nonflammable, compared v i t h  38 mole 
pe r ' cen t  nitrogen for  the same effect .  
a s  e f f e c t i v e  a s  nitrogen i n  extinguishment on a molecular basis ,  a r e s u l t  which 
cannot be explained except as a s p e c i f i c  chemical e f f e c t ,  presumably inhibit ion.  
It follows from the  above finding t h a t  one bromine molecule can prevent the combustion 
of four methane molecules. Many other  examples of narrowing of the flanrmability range 
by add i t ives  have been reported. 

On t h i s  bas i s  bromine is some 15 t i m e s  

Le t  us now consider burning veloci ty ,  which is the  idealized r a t e  a t  which 
a f l a t  combustion wave would propagate through an i d t i a l l y  s ta t ionary combustible 
mixture. This veloci ty  may be deduced, t o  an accuracy of a few per  cent, from the 
knowledge of the shape of a s t ab i l i zed  laminar flame i n  a known flow f i e l d ,  a s  a 
Bunsen burner provides. The magnitude of t h e  burning veloci ty  is determined by the 
i n t e r a c t i o n  of two important parameters, t h e  chemical r e a c t i v i t y  in the  flame and the 
t ransport  properties of the  m i x t u r e .  Since the l a t t e r  a r e  influenced only s l igh t ly  
by s m a l l  addi t ions of possible inh ib i tors ,  w e  have a convenient means of measuring 
i n h i b i t i o n  of t h e  chemical r e a c t i v i t y  quan t i t a t ive ly  by obseming burning velocity.  

Consider t h e  data  below, which show systematic measurements of reduction 
i n  burning veloci ty  by a series of v o l a t i l e  bromine and other halogen compounds: 

ADDITIVE REQUIRED FOR. LOX REDUCTION OF 
STOICHIOwETILlC --AIR BURNING VBIDCITY (3) 

number o f  molecules addi t ive required 
additive halogen atoms p e r  100 molecules CHL 

HBr 

CE3Br 

CF3Br 

Br2 

CB2Br2 

CHBr3 

m3c1 
%Br 

a31 

CF2Br2 

1 

1 
1 

2 

2 

2 

3 

1 
1 
1 

1 ..8 

' 1.6 

1.2 

0.83 
0.81 
0.85 

0.55 

4.9 

1.6 
1.7 

Note t h a t  one molecule of bromine added t o  100 molecules of methane (and 900 
molecules of a i r )  is more than enough to  produce a ten  p e r  cent reduction i n  
burning veloci ty .  I t  can be sham tha t  t h e  burning veloci ty  va r i e s  with t h e  
square root  of chemical reac t iv i ty ,  so t h i s  corresponds t o  a reduction of 21 per 
cent  in  chemical reac t iv i ty .  
temperature s ign i f icant ly ,  so the  e f f e c t  must b e  a chemical inhibi t ion.  Note that 
a l l  seven of t h e  bromine compounds show similar  e f fec ts ,  the s t rength of t he  inhi- 
b i t i o n  being almost d i r e c t l y  proportional t o  t h e  number of bromine atoms p e r  
molecule. 
much less effect ive.  

Such a small addi t ion could not a f f e c t  the flame 

Note fur ther  tha t  iodine is comparable with bromine while chlor ine is 

2 .  
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Consider now t h e  grea te r  va r i e ty  of chemical substances tes ted  in another 
inves t i gat  ion : 

ADDITlVg REQUIRED H)R 3oX REDUCTION OF 
SrOICHIOHgTBIC --AIR BURNING VELOCITY ( 4 )  

molecules required per 
molecule hexane Additive 

a 2  4.05 

4.05 

c12 1.54 

0.33 

N2 

Br2 
TiC14  0.09 

pc13 0.07 

fi (C2H.j 14 0.034 

0.033 

Here the  fue l  vapor is hexane instead of methane and da ta  are reported on the  bas i s  
of a 30 per cent instead of a 10 per cent  reduction i n  burning velocity.  Note t h a t  
t he  most e f f ec t ive  substance, i ron  pentacarbonyl, i s  more than LOO times as e f f ec t ive  
as the  l ea s t  e f f ec t ive  substances, carbon dioxide and nitrogen. 
an intermediate pos i t ion  in t h i s  list. 
is such a powerful i nh ib i to r  t h a t  one molecule, added t o  10,000 molecules of a 
stoichiometric methane-air mixture, reduces the  burning ve loc i ty  by 25 per cent. 

Bromine occupies 
New data  (5) show tha t  i ron  pentacarbonyl 

It must be mentioned tha t  pure i r o n  pentacarbonyl is flammable i n  a i r ,  so 
i t  would hardly be capable of extinguishing an open f i r e  unless  used i n  combination 
with some other  agent. 
t races  is highly suggestive. 

Nevertheless t he  powerful i nh ib i t i ng  e f f e c t  produced by 

We turn now t o  t h e  th i rd  premixed flame property frequently measured by 
This is t he  c loses t  d i s tance  of approach combustion s c i e n t i s t s ,  quenching distance. 

of a flame t o  a cold w a l l ,  and is readi ly  determined t o  about one p e r  cent accuracy 
by observing the  minimum width of a rectangular o r  c i r cu la r  channel through which a 
flame can propagate. As does burning ve loc i ty ,  quenching d is tance  depends on trans- 
por t  propert ies  and chemical r eac t iv i ty .  
would propagate through a stoichiometric propane-air m i x t u r e  i n  a 3.73-diameter tube 
has been reported ( 6 )  t o  increase from 46 mm Hg t o  80 mm Hg upon addition of 
0.1 mole per cent  methyl iodide, o r  one molecule of i nh ib i to r  per 40 molecules of 
propane. 
t o  pressure, t h i s  r e s u l t  is about equivalent to an  80146 increase  i n  quenching 
d is tance  at constant pressure. Similar e f f e c t s  were observed with bromine-containing 
agents, while carbon t e t r ach lo r ide  was much l e s s  e f fec t ive .  Another inves t iga tor  (7)  
has measured t h e  depth of flame penetration i n t o  a tapered tube of gradually decreas- 
ing diameter, t he  diameter of the  tube a t  t h e  pos i t ion  of fu r thes t  flame penetration 
being taken as the quenching dis tance.  An 8 per cent increase i n  quenching d is tance  
is reported t o  be produced by addition of one molecule of bromotrifluoromethane p e r  
1000 molecules of stoichiometric methane-air, hydrogen b r w i d e  being not qu i t e  as 
ef fec t ive .  

The minimum pressure a t  which a flame 

Since quenching d is tance  of propane-air is nearly inversely proportional 

The above examples, based on precise measurements of flammability limits, 
burning ve loc i t i e s ,  o r  quenching distances of premixed hydrocarbon-air mixtures, 
c l ea r ly  show tha t  t r a c e  quan t i t i e s  of ce r t a in  gaseous substances can subs tan t ia l ly  
reduce flame reac t iv i ty  and thus make extinguishment easier. 
not so quant i ta t ive ,  a r e  ava i l ab le  for  e f f ec t s  of suspended sodium and potassium 
salts on flames. 

Similar data ,  although 
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Let us n w  examine what is known about the  chemical mechao i r rms  by which 
these agents act, a necessary p r e l i m i n a r y  t o  r a t i o n a l  development of more potent 
o r  less toxic  agents. 

Considering f i r s t  t h e  bromlne and iodine inhibi t ion,  we note  that t h e  
effect iveness  of a var ie ty  of c a r r i e r  molecules cor re la tes  w e l l  with the  number 
of halogen atom8 per molecule, so it is reasonable t o  assume t h a t  breakdown t o  
some simple halogen-containing molecule occurs i n  the  flame, t h e  l a t t e r  being 
responsible for  the  inh ib i t ion .  
e x i s t  a t  flame temperature, so B r  and HBr are t h e  candidates. 
t h e  flame, It seems probable t h a t  the  Inhib i tor  must deact ivate  the most abundant 
chain-carrying rad ica ls  present.  E and OH. lionatomic Br could not do t h i s  except 
by slow three-body processes while HBr can easily react by a rap id  W-bodp 
process, e.g., 

, 
In the case of bromlne inh ib i t ion ,  B r z  w i l l  no t  

However, t o  i n h i b i t  

H + HBr + 4 + B r  o r  08 + HBr E20 + Br 

with i n h i b i t o r  regeneration by hydrogen abstraction: 

B r + B B  + H B r + R  . 
The radica l  R must b e  presumed less reac t ive  (or  lese  capable of upstream diffusion) 
than the H o r  OH it replaces.  
chain-branching v i a  

Since H has the  unique a b i l i t y  t o  lead d i r e c t l y  t o  

H + 0 2  + O H + O  

any inhib i t ing  mechanism capable of removing H (or OH, s ince OH + CO = H + CO 
is rapid)  looks promising. The react ion of H with HBr t o  form E2 however is not 
a s a t i s f y i n g  explanation of i n h i b i t i o n  s ince the  H2 would rapidly oxidize,  giving 
more H atoms. 
kind of speculation w a s  f i r s t  published by Bosser et&. (3),  and others  who have 
considered the  problem generally u t i l i z e  t h i s  approach a s  a working hypothesis. 
However, ne i ther  the  theory o f  chain-reaction-governed flames nor knwledge of 
individual  rate constants is s u f f i c i e n t l y  advanced t o  p e r m i t  a theory like t h i s ,  
t o  be proved. Rosser et &. (3) have observed t h a t  the  3064 1 eniss ion l i n e  from 
excited OR decreased i n  i n t e n s i t y  as bromine w a s  added, but  confirmatory evidence 
obtained by observing unexcited OH i n  absorption would be highly desirable.  

Thus OH r a d i c a l s  may be the  key species inhibi ted by HBr. This 

According t o  t h e  above-ideas,  HI should behave similarly t o  HBr, and 
HC1 and HP are too s t a b l e  t o  r e a c t  rapidly with free radicals ,  so the  behavior of 
the  e n t i r e  halogen family is accounted f o r  i f  one accepts the  foregoing type of 
mechanism. 

Considering now the  inh ib i t ion  produced by other  substances, especial ly  
metal compounds, w e  f ind much less  understanding. 
inh ib i t ion  can occur is good evidence t h a t  chain c a r r i e r s  are being taken out of 
c i rcu la t ion ,  and the fur ther  f a c t  t h a t  hot  fuel-oxygen flames are l e s s  suscept ible  
t o  i n h i b i t i o n  than cooler fue l -a i r  flames is readi ly  a t t r i b u t e d  to the  much higher 
r a d i c a l  concentrations believed present i n  t h e  hot te r ,  faster-burning flames, 
making them harder t o  inh ib i t .  
i s  d i f f i c u l t .  
o r  hydrides,  o r  metal atoms might remove energy from a c t i v e  species by becoming 
e lec t ronica l ly  excited and then  radiat ing.  
added i n  dispersed condensed-phase form, there  is a choice between assuming surface 
reac t ion  o r  vaporization. 
react ions are the  important ones. 

The m e r e  f a c t  t h a t  powerful 

To progress beyond t h i s  point  t o  spec i f ic  mechanisms 
Metal atoms might reac t  with 0, OH, o r  H t o  form Oxides, hydroxide8, 

When the metal-containing substance is 

A paper in t h i s  symposium (8) suggests that vapor 
Much more research is needed i n  t h i s  area. 

Final ly ,  a t t e n t i o n  must be given t o  t h e  problem of r e l a t i n g  information 
on i n h i b i t i o n  of chemical r e a c t i v i t y  i n  a premixed flame t o  the  extinguishment of 
a f i r e ,  which is more nearly a d i f fus ion  flame. The rate of combustion i n  a 
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di f fus ion  flame is determined by fue l -a i r  mixing rate fo r  a gaseous fuel ,  o r  by rate 
of heat t ransfer  from flame t o  fuel  supply for  a slowly v o l a t i l i z i n g  l iqu id  o r  so l id  
fue l ,  and does not depend on chemical k ine t ics ,  generally speaking. Thus, in t ro-  
duction of an inh ib i tor  which would cause a moderate reduction of r eac t iv i ty  i n  a 
premixed flame would b e  expected to  have no measurable e f f ec t  on a d i f fus ion  flame. 
Nevertheless, a gaseous diffusion flame as maintained on any of severa l  types of 
laboratory burners can be extinguished when a su f f i c i en t  concentration of i nh ib i to r  
is mixed with the  a i r  supply, the necessary concentration of i nh ib i to r  being roughly 
tha t  which d u l d  extinguish a premixed flame of the  same fuel .  
flame ext inct ion process may be a t t r i bu tab le  t o  the  presence of one or  more loca l  
regions i n  the flame, generally a t  the  base, which serve t o  anchor o r  s t a b i l i z e  t h e  
flame. 
mix before they burn, while i n  the  bulk of  the  flame, mixing and burning a r e  simul- 
taneous. The inh ib i tor  may exert  i t s  e n t i r e  ac t ion  i n  t h i s  amall  region. Detailed 
s tudies  of t h i s  e f f ec t  have apparently not been made. 

This gaseous diffusion-  

Such a region, which might be very small, could contain f u e l  and air which 

A poten t ia l  method for  studying e f f ec t s  of i nh ib i to r s  on d i f fus ion  flames 
is Pot te r ' s  experiment (9) i n  which coaxial  opposing jets of f u e l  and air of equal 
f l w  rates meet a t  a flame surface. A t  su f f i c i en t ly  high flow ra t e s ,  the flame 
ruptures, as indicated by appearance of a hole. Effects  of i nh ib i to r s  on t h i s  
process have not ye t  been reported, but such experiments are cur ren t ly  under way in 
our laboratory. 

In  conclusion, t he  fundamental knowledge of flames and inh ib i t ion  thereof 
is su f f i c i en t  t o  show promise tha t  p rac t i ca l  methods of f i r e  cont ro l  may evolve from 
t h i s  approach, but such knowledge is as y e t  qu i t e  fragmentary, and more basic  
research is required. 
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. ~ n v e s t i g z t i n g  the  i r f i u e n c e  o f  a c d i t i v e s  31: t he  ? r o p e ? ~ t i o n  
velocit;: 2ca other flzLe c i i m t e r i s t i c s  of izi-:?.r f l n : . ~ ~  
we tesTed seve rz l  cjL;jstznces c..iich s:?o.vea very proncun?.xi 
e f f e c t s  on t2e  cropzgat ion velocit;.-. One o f  these  ::..s ?e(Gi!) 
In t t e  C O U T S ~  cjf o w  i q v e s t i g a t i c r s  or" r eec t io?  rk te  i n  10':- 
pressurec  flames .::e t r i ed  t o  f i n d  the  Goae O i  r . c t i c n  ci' E't3(:;u) 

i n  h;ydrocerbon-air anu hgdroczrbcn-oxygen f l a r e s .  'LO ti!is c m -  
pose tile y e s s u e  derenaence o f  t1-e inf luence  GI' Fe(CO)j w 8 s  
f i r s t  invest igeted.  I n  f i g .  1 the  burning speeds ( ':-&of metiLane 
oxygen mixtures =e shown as func t ion  o f  ctrposition. on t rz ry  to  
o the r  observktions ( inc lud ing  our  own with carbon-monoxide i n  
mixtures  w i t h  oxygen) b u t  i n  agreenent v r i t t  o u r  meeswecents i 7 i t 5  
C2H4 ana Cp6 t he  burning sreed i s  p r e c t i c r i l y  ir?degendent o f  
p re s su re  (near  the  value of  naximun flame ve loc i ty )  d o m  t o  p r e s -  
swes o f  about 1 at. Below 0.1 a t .  t h e  f1m.e speed st:.rts t o  
inc rease  w i t h  decreasing s resaure .  
Fig- 2 gives  t h e  in f luence  of i ron  pentacarbonyl on ti:e burnin:: 
speed of the  stoichion!etric CH -0 mixtures a t  t he  corresTondiiii; 4 2  
pressures .  (The Fe(C0I5 concentreti.on i s  civer. i n  volurre r e r c e n t  
o f  the  Ivkole o i x t u r e ) .  Smell i n h i b i t o r  ccncentr2tion.s hsve 2 
d i s t i n c t ,  but  not s t r o n g  iz f luecce .  The inf luence  decreaswni th  
decress ing  pressure ( t h e  Fe(C0) concentret ion i s  propurtidr. : . l  5 
w i t h  p r e s s w e ) .  In zethane-c.ir mix twes  ( f i g .  3 )  (2s  well as i n  
o the r  hycrocarbon-air n i x t u e s )  the  inf luence  of Pe(C0) i s  much 
more rronounced. 0-01 % o f  Fe(C0I5 causes  a decrease i n  burnin!: 
speed b y  25 'i6 a t  atrnosplleric r ressvre .  If one ccjrss-res t h e  i n -  
f luence  o f  Fe(Cd) ' n o t  i n  voluze pcrcent of tiie t o t a l  rrixture 
but  i n  volulce percent  sl" t3e  f1:el i t  s t i l l  rene ins  ti-:ree t i y e s  
Eore r c t i v e  i n  z i x t u e s  I.Titk e i r  t t a n  i n  those  ~ i t h  ox::gen. -4s 
i n  CB4-oxygen o ix iuzes  %he Ecdii ive becoces l e s s  a c t i v e  l.:ith 

decrezsing p res sme .  T L i s  s t i l l  holds i f  ti.,e absolu te  Fe(T0)5 
concec:r:::on in no lecu la r  per cm3 reirki7.s t i l e  Lzce. For C G E -  
r z - r i s o n  f%g. 4 siio::.s tLe inf lce-ce oi. 5,jdea 3r;z:i:e L T . ~  i -cn  
?enTzc::?ooyyl on. the  buzziz=: - s-eeds cf b : : c r~ ,~z -%i r  (j?$ gi) 

stoickizct :  t r i c  n-rlex.-[:E :-ir, f o r  iii<z.t.r .- ercer.t:.:.e: 
Edded. 5rczi::e szd ch lo r ine .  ::s :?es t o  b e  ~ x r o ~ : ~ " ,  she i r , f lu-  
e x e  cf brLr.i::e i s  c';rbr -er  ti:L;n t:..-.t 2f c:;ip::.e, ,lbf3 
e r s i l ~ ~  exyectei ,  ':ep.c.rs 1% s o r e  scsce:,t:j:e ;$ t::e . . c ; , ~ . , ~  L~ 

e-?-;;.:. 

5' 

5 

5 

, 

-. 
r . t C i T i V l s  t-sr keX2re. --e a f f e= t ive~ .e s s '  of Fei ;sj ~ ir. 
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Though t h e  i n i l u e y c e  of  FeiCi;) 

a d d i t i v e  c n  low-press?ze f l a t  f lL-es  seer.ec t o  be csefxl f o r  
l e m n i r , g  suEe.tking abuut t h e  s - e c i f i c  k c t i m  ut' t h e  i n h i b i t o r  
on t h e  c h e c i c a l  r e a c t i o n .  The f o l l o w i n s  r e s u l t s  rrap 5e cm-.  
s i d e r e a  as r r a l i m i n a r y  ones. 
C H 4 - e i r  f l a res  were i 3 v e a t i g r t e d  i n  soze  d e t a i l  -::it:i 2nd with-  
o u t  a d d i t i v e s .  The flw'es were k e ? t  burn ing  on f l Z t - f l ~ l n e  
burners  ::.ith 12 and 20 cms. d i m e t e r ,  r o s t l y  at -6cj m Lig pres-  
sure .  Temreratures -:-ere meesured b:i s e v e r a l  indeyen6ent  met::oas: 
s u r f  B c e o r  o tec  t ed p li;t intm-!, le t i num-rhu6 i c m  tiierEoc our, l e  s with 
c c m e n s a t i o n  for r t i d ih t ion  l o s s e s ,  r o t a t i o n e l  t e m r e r c t u r e s  of  
02-bmas and occ>sion;llg l i n e  r e v e r s r l  t e n g e r c t u r e s .  

I n  fig. ( 6 )  t h e  f l m e  tem7eratures  (tl:erir.ocouTie) i s  p l o t t e d  
v e r s u s  distc;nce above burner  ( c e n t i z e t e r s )  f o r  tiiree d i f f e r e n t  
mixtures  (1.4 CH +10 a i r ,  Cii4+10 a i r ,  0.9 C i l  +10 2ir) burr.ing 4 4 
a t  60 m H g  w i t h  a burning speed vn = 0.33 m/sec wi thout  a a d i -  
t ive . .Flzme temperature  and burning  speea under t;lese cilcum- 
s t m c e s ,  of course ,  deTend on t k e  f low co r , a i t i ons  chosen, For 
comparison sone r o t a t i o n a l  t e n p e r a t w e .  va lues  deterrzinea from 
t h e  ibsorTt ion  s : ; e c t r m  cf bki ;-.re ? lo t t ed .  i n  tLe szl?e curves .  

With &tided Fe(CQ),-, 0.001 by vo1urr.e i n  the ~ i x t u r e ,  the  t h e r -  
mocouvle messurenents a r e  no 1on;er r e l i : . . b l e ,  dce tc; i r o n  oxic:e 
de?.osi t .  This  chsnces rkci ia t ion l o s s e s ,  anc ,  ir,  e d d i t i o n ,  nav 
g ive  r i s e  t o  heterogeneous rec .c t ions.  From forser i n v e r t i c t . t i o n s  
there  i s  no doubt,  t h a t  0: r c c i c d s  p i s ?  an i n u o r t a n t  r u l e  i n  
t h e  Dropkgction of  all f i a n e s  of  Iiydro.sen con tz i r , i zy  ccm?ouncis e 
I n  Fig. 8 OE-concentration bnd tem-er::tme f 'uz tiie stoic>-iome - 
WLc C H 4 - z l r  f lanie  a r e  r l o t t e d  2s  f u n c t i o n  of d i e t - n c e  f r o r  the 
burner .  T3e eecresae  of  OE cozce:i tration ir. t i l e  "burned" ,~7.=s i s  
m2lnly cii!e t o  diff7:sioo l o s s e s .  I n  f i q .  9 t h e  decrez.se o f  Oh 
2.bsorntion (2s Ee3su-e f o r  cuncentr ; t ion,  b u t  n c t  c o r r e c t e 2  
f o r  f i n i t e  o p t i c a l  thic!xiess) il? t h e  jurned s23es i s  . ? l o t t e d  
for t h e  r u e  a i x t m e  of  r?.et:-:cne ::it:: cir ,  f o r  0.001 j b  Pe(:o) 
end. 0.005 % Fe(C0)5 eideci t o  t h e  r i x t z r e .  Tne concer: t ra t ion 
decresse  I-.? Cil i t s e l f  r:cui..: be sc;r.ewii.=t s t e e ? e r .  T:.e i r i t i s 1  
incre:  s e  i~ OH coszentr. : t ion t n d  its r ~ s ? ~ ~ ~  v;::!.u~ : . . re  
i n l l u e r c e c  0:: r d d e d  Fe(Sc)5.  Only t h e  r o s i t i o :  .:/:.Ere cx &.bSor?- 
t i o n  ixcrer s e s  i c .  - .".iftea a!stiv f r o z  t:.e :? i - .~*ryr  '::;i:. i::c-.(t 
Fe(Cu) concei:r;r;:ti.on, :ice t?:e fiLires 5ec:cT.e l e a s  :t. k i e , ,  

olre : l o t s  t ? e  l c ? z r i t h r .  o f  tile OE concentrztjo!: ir. z : . ~  25r.e iT 

*<+ , .  b C - . > * L -  - 'CI' 1:?1s . -2i:tz t o  2 Cecf::; ys::zz:3: ci' <;;-.Zt; e-  ,.I. 

Iczrkecl? a e c r e z s e s  :.iith de-  
ere:. si:,l; p r e e c , u e  t h e  i n v e s t i g s t i o n  5 '  cf  tlle z c t i o n  'o r '  t ':is 

. .  

. .  

5 

If . , 5 
1:eirl:- 2C;:Y:Lpt te:j:y.sr!..;l:re, f,i. f ' i  5 - e ~  P e ( c u ) 5  tr;L;5., . .  7;c - -. 
fGr.ction oi' t i e  ::eigc'c .z..jove tt.e ?-:L-~L?, z t r 2 i  :?t i - ~ ~ ~ z  I c e  0 3 -  

r t ._, L 2 2: 1 c L 5 3 e x  2 r  I; t i 3:: e 
- ~ - ..sr ir. 
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For vsry  lo:: Pe(C0) c o x e n t r a t i o n s  tLe r ? t e  i s  p r o r o r t i o n r l  
t o  the  Fe(CG)5 concentr.. . f i o c ,  x h i l e  for i % c r e z s i n g  Fe(CC)- . >  
concei l t rkt icn i t s  r e l s t i v e  i n f l u e n c e  seecs  t o  decrease .  

. .  

&om t t e  exrerimenTa1 r e s u l t s  ob ta ined  till  now ne  c a n o t  de- 
c i d e  whether t h e  r econb ina t ion  rec?ct icn O f  OH 1s honogensous 
o r  heterogeneous, bu t  it s e e m  tilet a t  r e l a t i v e l y  Li;:h Fe(CO) 
concen t r a t ions  a heteroEeneous decay r e t c t i o n .  i s  dominilnt while 
a t  ver;. l o w  c o n c e n t r z t i o n s  a homogeneous Yeaction ~ 2 y  become 
i w o r t e n t .  In o&r t o  ach ieve  f u r t h e r  i r f o r c 2 t i o n ; s p e c t r c  of 
the  f laxes were t-.!:en. (The rriddle of t2.e flame w a s  focused  OR 
tile s l i t  o f  t he  spec t roscope ) .  No. 1,- i n  f i g .  10 shovs t h e  emis-. 
s i o n  of a s t o i c h i o m e t r i c  C X 4 - 2 i r  f i a v e  a t  60  m Hg around t h e  
maximum of OH emission (0.1 - 0.9 cms. above tlie b m n e r ) .  Ho. 2 
shorn t h e  emission of t h e  s&e flame a t  2.6 t o  3.4 cms. above t h e  
burner.  The Nos. 3-6 show emission s c e c t r a  of t h e  s a e  flcune, b u t  
w i t h  0.005 $ Pe(C0) 
above t h e  bu rne r  ( t w o  d i f f e r e n t  exDosure tiEes).'l!he exposisre t i m e  
of 211 s--ectrz .  was i d e n t i c a l ,  whi le  i n  Xo. 4,  5, 6 t h e  weaker 
s p e c t r a  c o r r e s  ond t o  1/15th o f  t h e  normal e v o s u r e  time. I n  t h e  
f l a e s  w i t h  FePCO)5 i r o n  l i n e s  and t h e  emission o f  FeO is seen, 
b u t  t h e r e  i s  no pronounce3 cont inuous  emission. I n  the fo l lowing  
p i c t u r e s  t h e  emission o f  d i f f e r e n t  p a r t i c l e s  mersured by 2 h igh  
r e s o l u t i o n  monochromator a r e  p l o t t e d  as f u n c t i o n  of t h e  h e i g h t  
above the burner. ( f i g .  11, 12,  1'4) As i n  o t h e r  c a s e s  m a x i m  
emission of OE, naximum concen'-ation o f  OH as  w e l l  as m a x i m u m  
emission of C 2  and CH do not  
m a x i m u m  o f  OH mcy b e  l i n k e d  t o  a naximm of r e a c t i o n  ra te  as t h e  
emission maxima of C2, C3 Fe and t h e  first maximum o f  FeO. A 
measure f o r  t h e  concen t r e t ion  of iro a t o m s  i s  g iven  by f ig .  14 

d i f f e r e n t  Fe(C0) c o n c e n t r e t i o n s ,  ( s e e  P ig .  13) .  While i n  t h e  
flame zone t i e  e&ssiori o f  OH, C2, CH and Pe has a pronounced 
maximum and t h e n  dec reases  very r a p i d l y ,  t h e  emission of FeO 
shows a d i f f e r e n t  behavior .  .It has  a second naximum about 3 CKS 
above the  burner ,  i n  a zone, where OX concen t r a t ion  ana Fe ab- 
s o r r t i o n  decrezse  r ap ic i ly .  Then the  i n t e n s i t y  dec reases  i n  EL 
zone where t h e  t e r p e r L t u r e  i s  s t i l l  higk. Pe,of c o m s e ,  f o r r r s  
s o i i d  p z r t i c l e s  i n  t h e  f:: 38, but  the decre::se i n  rsaietion in- 
t e n s i t y  a;es not  see= t o  be connected x i t h  the d e c ~ . ~  of FeO con- 
c e n t r i t i o n  but t h e  second e n i s s i o n  r z x i c u n  of FeO, 2s ;.le11 E S  -;:le 
f i r s t  one, s8e::s t o  be cite t o  c h e n i l u i n e s c e n c e ,  t o  t h e  6ec-y of 
r a d i c z l s  i n  t k - 2 t  zoze. 
.The r e s u l t s ,  r e r o r t e a ,  cc:cernin,y t h e  i2vesTi:;rtion o f  tr:e i n -  
f l u e m e  of Pe(C0l5 (znd o t n e r  a d d i t i v e s )  cn ti,e r e e c t i o n  i n  iow 
pre3sure  f l e r e s  were r z c e  t o  ob ta in  f i rs t  inp res s ion  o f  t h e  ac- 
. t i on  Of  t L i S  v e r y  : . s t ive i r . : ? ib i tor  on t h e  c!-,e--icTl re . . c t ion .  
l h e  invest2; :z t ions 2-e still i n  arogTes9, 

5 

added. No. 3 r e n r e s e n t s  the  zone 0.1-0.9 cms. 5 

coincide at all, The emission 

where t h e  abso rp t ion  of t h e  3659.91 1 i r o n  l i n e  is  p l o t t e d  f o r  

; I  
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Fig.1 In f luence  of Fig.2 I n f l u e n c e  o f  Fig.3 I n f l u e n c e  o f  
mixture composition Fe(C0) and pres su re  Fe(C0) and p res su re  
and p res su re  on t h e  on flame v e l o c i t y  of on the  flame v e l o c i t y  
flame v e l o c i t y  of  s to i ch .  CH4-02- of s t o i c h .  CH4-a i r -  

5 5 
I 

f lames. t CH4-02-flames. flames. 

Fig.4 In f luence  o f  B r 2  and 
Fe(C0) on t h e  flame v e l o c i t y .  5 

Fig.5 
on  t h e .  flame v e l o c i t y .  

In f luence  o f  B r 2  and C12 
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The Effec t  of Powders on Premixed Hydrocarbon-Air Combustion* 

W i l l i s  A. Rosser, Jr., S. Henry Inami and Henry Wise 

Stanford Research I n s t i t u t e ,  blenlo Park, C a l i f o r n i a  

I. Introduct ion 

I t  has  long been known t h a t  f i n e l y  powdered salts such as NaIiCO, can be used 
to  ext inguish  f i r e s  o r  to prevent i g n i t i o n  of combustible gaseous mixtures. Vari- 
ous s t u d i e s  (Ref.  I) of combustion i n h i b i t i o n  have revealed t h a t  powdered mater ia l s  
v a r y  widely i n  t h e i r  a b i l i t y  to  i n h i b i t  combustion, t h a t  a l k a l i  metal  salts a r e  
genera l ly  e f f e c t i v e  i n h i b i t o r s ,  and t h a t  t h e  e f f e c t i v e n e s s  of a t  l e a s t  some powders 
is proport ional  t o  t h e  specific sur face  a r e a  of t h e  mater ia l  (Ref.  2) .  The ava i l -  
a b l e  d a t a  do n o t  p e r m i t  i d e n t i f i c a t i o n  of t h e  s i g n i f i c a n t  processes  which r e s u l t  
i n  i n h i b i t i o n .  The present  s tudy of combustion i n h i b i t i o n  by f i n e l y  divided pow- 
ders was undertaken i n  order  to e l u c i d a t e  the mechanism of flame i n h i b i t i o n .  

11. Experimental Details and R e s u l t s  

A. Materials 

C.P. CHI, C3H8, NE,, and A from the Matheson Co., i n d u s t r i a l  grade 0, , commercial 
dry N, from General Dynamics Corp. Compressed labora tory  air was dried p r i o r  t o  
use  by passage through a bed of granular  CaC1, . 
f ineness  t o  be used a s  received; most, however, required some size reduction. 
These were w e t  mil led w i t h  acetone i n  a small labora tory  h a l l  m i l l .  Af te r  mil l ing,  
t h e  powder was f i r s t  air  d r i e d  under a hea t  lamp t o  remove the bulk of the  acetone 
and then oven dr ied  a t  about l l O ° C .  The dry powder cake w a s  pulver ized by b r i e f  
b a l l  m i l l i n g  and then s ieved through a 250 o r  a 325 mesh s t a i n l e s s  s t e e l  screen. 
Most of t h e  t e s t  powders w e r e  used without  f u r t h e r  treatment.  

Milled powders contained a wide range of p a r t i c l e  s i z e s .  Two methods of s i z e  
s e p a r a t i o n  were t r ied ,  s i e v i n g  and gas e l u t r i a t i o n .  Attempted s i e v i n g  by means of 
micromesh screens was unsuccessful  because the screens plugged quickly.  G a s  e lu-  
t r i a t i o n  with d r y  N, w a s  i n e f f i c i e n t  and slow except a t  high gas flow rates. 
Some s ize  reduct ion could be obtained but  not  a s  much a s  des i red .  
gas  e l u t r i a t i o n  was used only f o r  s p e c i a l  pu rposes  and not  a s  a standard procedure. 

B. The Dispersal  of Powder in a Combustible Gas 

b u s t i b l e  gas mixtures which performed adequately f o r  most cases .  The powder 

Various gases were used a s  obtained from commercial sources.  These included 

A l l  the  powders used were C.P. anhydrous mater ia l s .  Sane were of s u f f i c i e n t  

Consequently, 

A d i spers ing  devtce was assembled f o r  t h e  in t roduct ion  of powders i n t o  con- 

+? 
This  paper is based on research supported by the  Wright A i r  Development Division, 
A i r  Research and Development Command, United S t a t e s  Air Force, under Contract  
AF 33( 616) -6853. 
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generator  (Fig.  1) cons is ted  of a Pyrex c y l i n d e r  ( 6  c m  1.d.) f i t t e d  a t  each end 
with l a r g e  rubber s toppers .  The generator  was provided with f i v e  jets through 
which gas could e n t e r  the  system, a four-bladed p r o p e l l e r  t o  a g i t a t e  t h e  powder 
bed, and an e x i t  tube f o r  t h e  gas-powder mixture.  The p r o p e l l e r  w a s  d r iven  by a 
1500 RPM electric motor, 
an opening of about 1 mm i n  diameter. 
der  concentrat ions,  was made from brass  tubing with a hemispherical  cap through 
which f i v e  holes  0.015 inch i n  diameter had been d r i l l e d .  One of these  holes  was 
on t h e  a x i s  of the  tube, the  o ther  four  were arranged symmetrically around it. 
The gas emerging from these  holes  was very e f f e c t i v e  i n  picking up powder from t h e  
powder bed. 

In  order t o  introduce t h e  powder i n t o  the  gas  mixture a s teady flow of pre- 
mixed f u e l  and oxid izer  of known composition from a convent ional  gas  handling sys- 
t e m  w a s  s p l i t  by means of needle  valves  i n t o  t w o  streams; one passed d i r e c t l y  to 
the  v e r t i c a l  output  tube of the  powder generator ,  and the  o t h e r  entered the powder 
generator  through t h e  g l a s s  jets. The concent ra t ion  of powder i n  the  f i n a l  mixture 
could bq changed by varying the  r e l a t i v e  amounts of t h e  t w o  gas streams up t o  t h e  
point  when a l l  of t h e  gaseous mixture passed through t h e  generator .  I f  even higher  
powder concentrat ions were desired,  i t  was aga in  necessary t o  s p l i t  t h e  gas flow, 
t h i s  t i m e  i n t o  a f r a c t i o n  which entered t h e  genera tor  through the four  g l a s s  j e t s  
and t h e  remainder through t h e  metal jet. In t h i s  manner i t  was poss ib le  t o  obta in  
powder concentrat ions up t o  about 10% by weight of the  gas flow. 

Four of the  gas j e t s  were made from g l a s s  tubing and had 
The f i f t h  jet, used only to obta in  high pow- 

C. Measurement of t h e  E f f e c t  of Powder on Combustion 

The e f f e c t i v e n e s s  of the  powder was determined from t h e  change i n  flame propa- 
ga t ion  v e l o c i t y  a s  measured i n  t h e  apparatus  shown i n  Fig. 1. A long g l a s s  cy l in-  
der, about 2 cm i n  diameter, was i n s e r t e d  a s h o r t  d i s t a n c e  Into t h e  generator .  The 
gas-powder mixture from t h e  generator  flowed v e r t i c a l l y  upward through the  tube and 
w a s  vented t o  the  atmosphere a t  t h e  top. Af te r  a s teady  flow of gas-powder mixture 
had been es tab l i shed ,  t h e  powder output  w a s  measured by c o l l e c t i n g  on a g l a s s  f i l -  
ter paper* t h e  powder conten t  of t h e  gases.  A c o l l e c t i o n  t i m e  of 30 o r  60 seconds 
was usuaWy s u f f i c i e c t  t o  e v e  a weighable amount of powder on t h e  f i l t e r .  
weight concentrat ion of powder i n  t h e  gas was c a l c u l a t e d  f r a n  the  c o l l e c t i o n  t i m e ,  
t h e  weight of c o l l e c t e d  powder, and the  flow r a t e  of t h e  gas stream. Immediately 
a f t e r  a powder sample had been co l lec ted ,  t h e  flow of gas  was stopped, the damper 
valve closed, t h e  side vent  opened t o  the  atmosphere, t h e  top of t h e  tube capped 
with a rubber stopper,  and the  mixture i g n i t e d  by spark.  The time required f o r  
the  flame to  t r a v e l  between two f ixed  poin ts  on t h e  tube w a s  measured by photo- 
tubes.  The phototube signals w e r e  displayed on an osc i l loscope  f a c e  and photo- 
graphed by Polaroid camera. The average propagation ve loc i ty  of t h e  flame was 
c a l c u l a t e d  from the  known d i s t a n c e  between the  phototubes and the measured t i m e  
of transit. 

The 

In the  absence of powder the  flames were approximately hemispherical  i n  shape; 
a f t e r  the  f i r s t  few inches of t r a v e l ,  they moved through t h e  tube a t  an apparent ly  
uniform r a t e .  S l i g h t  t i l t i n g  of t h e  flame was sometimes observed. The presence 
of powder a t  times r e s u l t e d  i n  i r r e g u l a r  flame shapes.  Because t h e  propagation 
v'elocity v is r e l a t e d  t o  flame speeds by v = S A f / A t  (where Af = t h e  area of 
t h e  flame and A t  = cross-sec t iona l  a r e a  of the  tube) ,  these  per turba t ions  of flame 
shape a r e  a source of e r r o r .  In extreme c a s e s  t he  flames w e r e  extremely long and 
highly t i l t e d ,  a s  a r e s u l t  of nonuniform powder d i s t r i b u t i o n  i n  t h e  tube. 

* 
l i n e  Safe ty  Appliance Co. 
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D. Measurement of Particle S i z e  and of S p e c i f i c  Surface Area 

Speci f ic  sur face  area of  t h e  experimental  powders was measured by an o p t i c a l  
method (Ref. 3). 
of acetone contained i n  an  o p t i c a l  cel l  and t h e  o p t i c a l  dens i ty  of t h e  mixture 
measured. The total s p e c i f i c  a r e a  of the  powder, A*, was c a l c u l a t e d  from t h e  

About 20 mg o f  powder was thoroughly dispersed in  about 300 ml 

-41n EL 
2cl  

approximate r e l a t i o n  
A* = 

where si = the  Initial o p t i c a l  transmission; c = t h e  powder concent ra t ion  in 
gms/cc, and 1 = o p t i c a l  path length  ( 5  c m  i n  this case). 

When s i z e  a n a l y s i s  was des i red ,  t h e  o p t i c a l  dens i ty  w a s  recorded f o r  a per iod 
of t i m e  s u f f i c i e n t  f o r  s e t t l i n g  of t h e  powder suspension. The d i s t r i b u t i o n  of 
p a r t i c l e  sizes can be der ived  from t h e  c h a r t  record of -1nC vs. time (Refs. 3 
and 4) .  

described. The average p a r t i c l e  s ize ,  d , is defined by Eq. 2 
The s p e c i f i c  s u r f a c e  da ta  l i s t e d  i n a b l e  I were obtained in t h e  manner 

6 - 
d = -  

PA* 
where p is the  dens i ty  of :he powder material. One gram of powder conta in ing  
only p a r t i c l e s  of diameter d 
a c t u a l  powder. S i z e  a n a l y s i s  revea led  t h a t  d is only a crude measure of powder 
f ineness .  A l l  powders l i s t e d  i n  Table I, even the  coarse  ones, contained a sub- 
s t a n t i a l  number of particles w i t h  diameters  of only 2 o r  3 microns. For example, 
the  weight-dis t r ibut ion of NaF p a r t i c l e s  passed through a maximum at about 3 . 5 ~  
although d = 6 . 5 ~ .  i 

Comparison of t h a t  data w i t h  surface data f o r  the  powder i n i t i a l l y  present  i n  t he  
generator  revealed l i t t l e  o r  no  d i f f e r e n c e  f o r  f i n e  powders (A* = 10,000 cma/gm). 
For c o a r s e  powders t h e  m a t e r i a l  c o l l e c t e d  at  t h e  burner tube w a s  f i n e r  than t h e  
o r i g i n a l  powder charge.  
e x t e n t  as an  e l u t r i a t i o n  device.  
per  c e n t  of the i n i t i a l  powder charge i n  t h e  generator  was used i n  a r e l a t e d  series 
of measurement. 

would have the-same sur face  a r e a  as one gram of t h e  

The d a t a  i n  Table I r e f e r  t o  samples c o l l e c t e d  a t  t h e  e x i t  of the  flame tube. 

I t  appears  that  t h e  genera tor  also functioned to some 
To avoid e r r o r  from such e l u t r i a t i o n  only a few 

E. The E f f e c t  of Powders on Premixed Flames 

CH4-air combustion. About 5 w t  of CaF, , talc, CaCO, , or Ca(OE), was 
requi red  t o  reduce by lO$ t h e  speed a t  which a s to ich iometr ic  
propagated through a tube.  
to  account f o r  that  degree of reduct ion .  
powders tes ted ,  NaF ~ N s C l  N a B r  , CuCl K,SO, , N W O ,  KECO, and 
Na,CO, 
cates chemical i n t e r f e r e n c e  w i t h  the combustion process. 

n i f i c a n t  reduct ion  in the propagation v e l o c i t y  of a s to ich iometr ic  
These fol lowing f e a t u r e s  should be noted: 
when expressed i n  mg/cc is very nearly the same a s  t h e  weight f rac t ion ;  (b) t h e  
s c a t t e r  i n  t h e  d a t a  is p r i m a r i l y  due to per turba t ions  of flame shape; ( c )  t h e  
ratio of flame area  t o  tube, a p a r t  froan e r r a t i c  per turbat ions,  increases  f rom 
about 2 a t  zero  i n h i b i t o r  concent ra t ion  t o  about 4 a t  concentrat ions corresponding 
t o  p o i n t s  on the  nearly h o r i z o n t a l  p o r t i o n  of the curve; ( d )  the  powder concentra- 
t i o n  corresponding to t h e  i n t e r s e c t i o n  of t h e  dot ted  s t r a i g h t  l i n e s  may be used a s  

3 

Several  of t h e  powders t e s t e d  were n o t  e f f e c t i v e  i n h i b i t o r s  of premixed 

CB,-air flame 
Beat  and momentum l o s s  by the  flame are s u f f i c i e n t  

On t h e  o t h e r  hand, t h e  remainder of the 

were e f f e c t i v e  i n h i b i t o r s  of CB,-air combustion to  a degree which ind i -  

A s  shown i n  Fig.  2, r e l a t i v e l y  l i t t l e  Na,CO, is requi red  to produce a sig* 
CB4-air flame. 

( a )  the  weight concentrat ion of powder 
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8 measure of i n h i b i t o r  e f f ec t iveness .  The lower t h i s  c r i t i ca l  concentration, t h e  
more e f f e c t i v e  t h e  i n h i b i t o r .  For  f i n e  Na,CO, t h i s  i n t e r c e p t  concent ra t ion  is 
about 0.6 at $whereas f o r  the coa r se r  Na,CO, 
1.1 $. 
d e r s  ind ica t e s  that powder e f f e c t i v e n e s s  is approximately propor t iona l  t o  s p e c i f i c  
s u r f a c e  area. 

AS shown i n  Fig. 3, similar r e s u l t s  were obta ined  us ing  NaHCO, . Because of 

t h e  i n t e r c e p t  concent ra t ion  is about 
Comparison of t hese  va lues  with t h e  s p e c i f i c  su r face  area of t h e  two pow- 

flame per turba t ions  f o r  low concen t r a t ions  of 
d e r  e f f ec t iveness  and A* could  not  be  determined wi th  p rec i s ion ;  However, a s i z e  
e f f e c t  is c l e a r l y  ev ident .  In  view of t he  f a c t  t h a t  NaHCO, decomposes t o  Na,CO, 
a t  r e l a t i v e l y  low temperature, it is probable that  t h e  observed e f f ec t iveness  of 
NaHCO, mere ly  r e f l e c t s  t h e  e f f e c t i v e n e s s  of Na,CO, . The d a t a  shown i n  Figs. 2 
and 3 are cons i s t en t  with t h i s  i n t e r p r e t a t i o n .  The e f f e c t  of KHCO, , A* = 12,400 
c m a / g n ,  on propagation ve loc i ty  is shown i n  Fig. 4. Comparison wi th  t h e  da t a  f o r  
NaHCO, , A* = 11,900 c m 2 / g r c ,  r evea l s  t h a t  KHCO, powder is twice a s  e f f e c t i v e  a s  
NaHCO, powder. It  is noteworthy t h a t  KHCO, has been found t o  b e  twice as effec- 
t i v e  as- NaHCO, as a f i r e  ex t ingu i she r  ( R e f .  5 ) .  Because both NaACO, and KHCO, 
decompose r ead i ly  to  t h e  r e spec t ive  carbonates,  the  e f f e c t i v e  i n h i b i t o r  i n  both 
cases is probably t h e  a l k a l i  carbonate.  The e f f e c t i v e n e s s  of NaHCO, f o r  non- 
s to ich iometr ic  CH4-air mixtures ((XI4 from 8 t o  12 '$ by volume) was comparable 
with or s l i g h t l y  g r e a t e r  than f o r  t h e  s to i ch iomet r i c  flame. 

The e f f e c t  of NaBr , N a C l  , NaF, CuCl , and K,S04 on s to i ch iomet r i c  CH,-air  
flames was also measured. P r e c i s e  r e s u l t s  w e r e  obtained f o r  NaCl and CuCl 
(F igs .  5 and 6 ) .  Qua l i t a t ive ly  N a B r ,  NaF, and K,S04 were also e f f e c t i v e  i n h i b -  
itors, but  because of extreme f l m e  i n s t a b i l i t y  p r e c i s e  d a t a  could  no t  b e  obtained. 
This i n s t a b i l i t y  is apparent ly  a s soc ia t ed  with poor d i s p e r s i b i l i t y  of t h e  powder. 

Flame i n h i b i t i o n  by d i spe r sed  powder is a f f e c t e d  by o x i d i z e r  Concentration. 
A S to ich iometr ic  CH4-0, flame d i l u t e d  with N, so t h a t  O,/(O, + N,) = 0.25 
requi red  1.7 w t  5 of f i n e  to reduce the l i n e a r  speed from 142 c m / s e c  t o  
the  i n t e r c e p t  po in t  which i n  t h i s  case occurs a t  about 20 c m / s e c .  The inc rease  i n  
powder requirement r e f l e c t s  p r imar i ly  t h e  h igher  i n i t i a l  propagation ve loc i ty .  
Support  f o r  t h i s  view is provided by another  experiment us ing  a CH,-O,-A mixture 
with a n  i n i t i a l  propagation v e l o c i t y  very nea r ly  t h e  same as t h a t  f o r  a s to i ch i -  
ometric CH,-air flame, 65 cm/sec. The e f f e c t i v e n e s s  of KHCO, i n  t he  t w o  cases 
was much the  same, about 0.6 w t  $ powder. I n  con t r a s t ,  t h e  presence of about one 
pe r  cent by volume of CHJCL i n  a s to i ch iomet r i c  CH4-air mixture  cons iderably  
reduced the  e f f ec t iveness  of Ns,CO, al though t h e  CH,Cl i t s e l f  has  very l i t t l e  
e f f e c t  on t he  i n i t i a l  propagation v e l o c i t y  of t t e  mixture ( s e e  Fig. 7 ) .  

t h e  fue l .  
t he  propagation v e l o c i t y  of a s to i ch iomet r i c  
20 cm/sec, cunpared t o  about 1 w t  $ f o r  a s to i ch iomet r i c  mixture of t h e  
same i n i t i a l  propagation ve loc i ty .  The noncarbonaceous system NH,-0,-N2 was 
found t o  be only s l i g h t l y  a f f e c t e d  by powdered NaHCO, . For a near  s to i ch iomet r i c  
composition with an  ox id ize r  concent ra t ion  O,/(O, + N,) = 0.4,  two w t  '$ of 
NaIiCO,, A* = 11,980 cm2/gm, only reduced propagation v e l o c i t y  from 62 cm/sec t o  
52 *cm/sec. 

111. The Temperature His tory  of Small P a r t i c l e s  Exposed t o  a Premixed Flame 

During passage through a flame t h e  ind iv idua l  p a r t i c l e s  of a d ispersed  powder 
w i l l  b e  heated and may p a r t i a l l y  evaporate.  The h e a t  t r a n s f e r r e d  from t h e  flame 
gases  t o  the  p a r t i c l e s  may not  r ep resen t  a s i g n i f i c a n t  thermal d r a i n  on the  flame, 

NaHCO, , t h e  r e l a t i o n ~ b e t w e e n  pow- 

Na,C03 

The e f fec t iveness  of Na,CO, ( o r  NaHCO,) w a s  found t o  vary with t h e  na tu re  of 
About 2.5 w t  '$ of Na,C03, A* = 10,800 cm2/gm, was requi red  t o  reduce 

C,H,-air flame f r o p  80 cm/sec t o  
CH4-0,-N, 
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but  t h e  evaporated material may e f f e c t  the  combustion reac t ions ,  Two problems must 
be considered: the  degree of hea t ing  of small p a r t i c l e s  by the flame, and t h e  
ex ten t  of evaporation r e s u l t i n g  from t h i s  heating. The two problems are coupled 
and i n  t h e i r  e n t i r e t y  are extremely d i f f i c u l t  t o  solve.  However, with some simpli- 
fy ing  assumptions i t  is p o s s i b l e  t o  obta in  s o l u t i o n s  which are adequate  f o r  our pur- 
poses. (' 

The actual temperature p r o f i l e  through a premixed flame is replaced by t h e  
p r o f i l e  shown i n  Fig. 8,  which has been divided i n t o  t h r e e  zones: a preheat  zone. 
i n  which t h e  temperature of t h e  unburned gas  r i s e s  exponent ia l ly  with dis tance,  a 
r e a c t i o n  zone i n  which t h e  temperature  rises l i n e a r l y  with dis tance,  and a post- 
combustion zone of uniform tempersture .  The assumed temperature p r o f i l e  has  been 
terminated a t  a d e f i n i t e  p o s i t i o n  
occurs  i t  must occur where t h e  r e a c t i o n  rate is high, t h a t  is, i n  o r  near  the vis-  
i b l e  flame. 
over a d is tance  l a r g e  compared wi th  the th ickness  of the v i s i b l e  flame. P a r t i c l e s  I1 

i n  the region x > 6 may a f f e c t  t h e s e  processes  and w i l l  eventua l ly  reach thermo- 
dynamic equi l ibr ium with t h e  h o t  combustion gases.  In t h i s  analysis ,  however, the 
region x > 8 w i l l  no t  be considered.  In addi t ion,  because t h e  observed sensi-  
t i v i t y  of flame speed to t h e  presence of some powders is f a r  greater than can be 
accounted f o r  by h e a t  l o s s  a lone,  t h e  e f f e c t  of t h e  powder on 
flame temperature, has been neglected.  

temperature p r o f i l e  has t h e  form (Ref.  6) 

I 

x = 6 ,  because where s t rong  chemical inh ib i t ion  

The r e a c t i o n s  which take p lace  i n  the  pos t  flame gases do so gradual ly  

Ta, t h e  ad iaba t ic  

I n  t h e  preheat zone t h e  r e a c t i o n  rate is taken t o  b e  zero. Consequently, the 

T. - T IC*.  sx\ 

where pi = t h e  i n i t i a l  gas d e n s i t y  

T1 = t h e  gas  temperature a t  a poin t  x 
Ti = t h e  i n i t i a l  gas  temperature 

To = an i g n i t i o n  temperature 

c = -  t h e  average heat capac i ty  of the  gas 

A = t h e  average thermal conduct iv i ty  of the  gas 

S = t h e  flame speed 

The prehea t  zone ends a t  t h e  p o i n t  x = 0 ,  where T = T For mathematical con- 
venienc e To is taken as t h e  average of Ti and the adfibatic flame temperature- 
'Sa. The q u a n t i t i e s  c and A should be values  averaged over t h e  temperat-me"'. 
i n t e r v a l  - Ti. Because c and A a l s o  appear i n  c a l c u l a t i o n s  f o r  th'e reac- 
t i o n  zone,T?t is more convenient  t o  e v a l u a t e  c and A at To a n d 6 s e  those 
values  f o r  both the preheat  and t h e  r e a c t i o n  zones. , 

and can be represented by the  express ion  

- 

.*' 

,/" 
The gas  temperature i n  t h e  r e a c t i o n  zone i n c r e a s e s  l i n e a r l y  from To t o  Ta 

where 6 = - A . Equation 4 is t h e  tangent t o  Eq. 3 at the  p o i n t  x = 0 .  As 
shorn in  Fig.cPi  8, a e  parameter  6 is t h e  th ickness  of t h e  r e a c t i o n  zone, 
about 0 .2  mm f o r  a s t o i c h i o m e t r i c  CH,-air flame. 

. In  both the  preheat  and the r e a c t i o n  zones t h e  time r a t e  of temperature in- 
c r e a s e  of nonevaporating s p h e r i c a l  p a r t i c l e  has been represented by Eq. 5. 
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dT 
s s s d t  p'c V - = Zrrd A(T1 - T) 

where Vs = volume of the particle 

d = diameter of the particle 

T1 = the gas temperature 

T = the particle temperature 

c = specific heat of the particle material 

ps = density of the particle 
5 

The most important assumptions implied by Eq. 5 are: 

(1) The thermal conductivity of the particle material is very large, con- 
sequently the temperature within the particle is uniform and equal to 
the surface temperature 

The course of particle heating may be regarded as a succession of incre- 
mental steady states 

The Nusselt number for heat transfer equals 2. 

( 2 )  

( 3 )  
These plausible assumptions simplify the mathematical problem but may introduce 
some error. The first of these assumptions is the least serious. A rigorous 
treatment of a related problem, the temperature history of a small particle of 
similar physical properties suddenly immersed in a large quantity of a hot gas, 
indicated that no significant error resulted from the assumption of uniform parti- 
cle temperature. 

A certain length of time is required to attain a steady state for either heat 
transfer or di'ffusion. For heat transfer, a measure of this time is the quantity 
i2/2CY, where a is some characteristic distance, and CY is the thermal diffusiv- 
ity of the gas. Similarly, for diffusion a measure of the time is the quantity 
la/2D where D is the diffusion constant of the evaporating material through the 
surrounding medium. For this problem a and D are of comparable magnitude, a 
few cma/sec. The characteristic distance a may be taken as the radius of the 
particle. For particles with radii less than 5 microns the time required for 
attainment of a steady state (for either diffusion or heat transfer) is found to 
be less than lo-' sec, compared to the transit time through the flame greater than 
lo'* s e c .  
or no error. 

when using a value of two for the Nusselt number. 
heat transfer is taken into consideration. For the very small pwticles with which 
we are concerned this is probably the case. 

The velocity of a particle being swept along by a moving gas will always dif- 
fer from that of the gas itself. The importance of this lag can be estimated by 
c-omparing the relaxation time associated with velocity lag to the transit time 
of-the particle through the flame. 

by the expression r = where r = radius of the particle, p = density 

of the particle, q = viscosity of the surrounding gas. This time T is the 
time required for a particle initially at rest in a quiescent gas to agcelerate 
as a consequence of gravitational pull to (1 - $1 of the terminal velocity. 
lag time T was evaluated for various values of r, with p = 2 gms/cc, and 
q = 490 ppoyses (this value of q corresponds to air at about 1000°C).  For 

It may be concluded that the steady state assumption involves little 

The applicability of the steady state assumption for heat transfer is implied 
In addition, only conductive 

The relaxation time for velocity lag is given 
2rZp 

v 911 

The 
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r = lp, T. = 0.9 x sec, and f o r  r = Sp, T~ = 2.3 x , ~ O - ~  sec. The transit 
t i m e s  of ixterest are i n  the range 
is not a se r ious  pe r tu rba t ion  f o r  s m a l l  p a r t i c l e s  (r - 1 o r  2p) b u t  w i l l  occur t o  
some ex ten t  fo r  l a r g e r  p a r t i c l e s  (r * Sp) . The e f f e c t  of v e l o c i t y  lag aril1 be t o  
lengthen the t i m e  of exposure of t h e  p a r t i c l e  t o  the  flame. The rate of h e a t  
t r a n s f e r w i l l  not b e  s i g n i f i c a n t l y  a f f ec t ed  because of t h e  low Reynolds number 
a s soc ia t ed  with small p a r t i c l e s  and t h e  r e l a t i v e l y  l o w  gas v e l o c i t i e s  used. In  
these  semi-quant i ta t ive  c a l c u l a t i o n s  the  e f f e c t  of evaporation on drop and hea t  
t r a n s f e r  i s  not taken i n t o  account. 

to  10'' sec. It appears t h a t  ve loc i ty  l a g  

Equation 5 may be  conver ted  t o  a form involv ing  d i s t ance  r a t h e r  than t h e  by 
means of t h e  r e l a t i o n  

dT - dT - = v -  
d t  .dx - 

where v i s  the average v e l o c i t y  of t h e  gas-powder mixture. The use  of a s i n g l e  
average ve loc i ty  f o r  bo th  gas and powder r equ i r e s  t h a t  t h e  p a r t i c l e s  b e - a l l  enough 
t o  fo l low t h e  gas flow. 

The i n t e g r a l  of Eq. 6 for values  of  x < 0 is given by 

where 
12 

@ =  - 
v c Ps da 

Based on t h e  conserva t ion  of mass equation t h e  average flow ve loc i ty  of t he  gas- 
powder mixture, v , is approximately equal  t o  4s f o r  near-stoichiometric a,- 
a i r  flames. For values  of x > 0 ,  t h e  integral of Eq. 6 is  given by 

and a t  x = 6 ,  
- 
r 

( 9) 

( 10) 
L 

The p a r t i c l e  temperature wi th in  t h e  r eac t ion  zone is seen t o  depend on t h e  product 
parameter 06 and on t h e  dimensionless d i s t ance - ra t io  x/6. 
ture a t  t h e  end of t h e  r e a c t i o n  zone is a func t ion  of 06 alone. 

The p a r t i c l e  tempera- 

has  been ca l cu la t ed  as a func t ion  of p a r t i c l e  s i z e  f o r  
t hese  s p e c i f i c  values:  csps = 213 and 1, v = 4s , h = 2 x lo-' ca l  cm-' sec" 
deg-', p .  = 1 x lo-' gus cm", c = 1/4 cal  gm-l deg-' , and S = 40, 25, 
15, and l b  c m  sec-' . The c i t e d  va lues  f o r  c ps are app l i cab le  t o  NaCl and 
NaF, r e spec t ive ly .  It  is clear from the var ia? ion  of T w i t h  p a r t i c l e  s i z e  
(F ig .  9) t h a t  t h e  degree of p a r t i c l e  hea t ing  can  b e  grea? and t h a t  p a r t i c l e  t e m -  
pe ra tu re  can  rise high enough t o  r e s u l t  i n  evaporation of ma te r i a l s  no t  u s u a l l y -  
cons idered  v o l a t i l e .  

The temperature Tw 

i n  an isothermal system the s teady  state molar rate of flow, eM, of material 
M d i f f u s i n g  away from a s p h e r e  of r ad ius  r may be represented  by 

@M = - 41r D r n h  (1 - 2 ) ( 11) 
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where n = . total molar concentration 

n, = molar concentration of "I" at the surface of the sphere 

D = diffusion constant of "M" 
If the ratio nl/n << 1, Eq. 11 may be approximated by 

QM = 47r Drn, 

Relative to unevaporated material the enthalpy flow 
flow, qL associated with the molar 

$* , is given by 
qL = 4 7 ~  Dm,L ( 13) 

where L is the molar heat of evaporation. In a nonisothermal systeq such as a 
flame,the material diffusing away frm a particle will be further heated as it dif- 
fuses. This enthalpy increase, however, is small compared with L which is about 
40 to 50 kcal/mole for the materials we will consider and, therefore, it will be 
neglected. The diffusion and heat transfer processes are then coupled only at the 
surface of the particle. As in the case of heat transfer alone, it is assumed 
that steady state expressions can be used to describe the rate at which mass and 
heat are transferred. 

Evaporation (an endothermic process) is limited by, and can proceed only to, 
the extent that heat is provided to maintain the process. The rate of conductive 
heat transfer, q? from the flame gases to the particles is given by 

q = 2Tdh (T, - T) ( 14) 
Initially, q > > vL, and both the particle temperature and n, increase. Eventu- 
ally there may arrive a time when 
having begun at that time. 
primarily in evaporation and only secondarily in an Increase In particle tempera- 
ture. This temperature increase is not thermally significant but is important in 
that nl is a strongly varying function of particle temperature. The temperature 
at which evaporation may be considered to have begun can be obtained by equating 
Eqs. 13 and 14. 

q = $ and evaporation may be regarded as 
Further addikion of heat to a particle will result 

h (T, - T) = nl L D ( 15! 
The quantity n, is related to particle temperature by 

n, = A e  ,L/RT 

Equation 16 when substituted in Eq. 15 r sults in 
A e-L7'RT D r, 

h T , - T  = 

The initial evaporation temperature is that temperature 
4, 9, and 17 (for 

By graphical methods T was determined as a function of particle size for 
NaCl and NaF . The necesszry thermodynamic data were obtained from Ref. 7 and 
used to derive expressions of the type Eq. 16 for n, . For NaCl these date 
W ~ I Z  used: B.P. = 1738OK, L at B.P. = 41 kcal/mole, D = 4 cma/sec. The 
quantity nl was represented by 

For NaF these data were used: B.P. = 1977'K, L = 48 kcal/mole, D = 4 cm2/sec, 
and n1 was represented by 

In both cases the diffusion constant D is an estimated value. 

Te consistent with Eqs. 
x > 0 ) .  

n, = 0.924 x ZO-8900/T moles/cc (18) 

n, = 1.12 x 10-~o140o/T moles/cc ( 19) 
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The va r i a t ion  of Te ( i n i t i a l )  with p a r t i c l e  size was determined graphica l ly .  
Because S and r e n t e r  i n t o  t h e  parameter 0 i n  t h e  same way, once T is 
shown a s  a func t ion  of p a r t i c l e  s i z e  f o r  a given flame speed, 
ca l cu la t ed  as a func t ion  of s ize  f o r  o the r  flame speeds. For e i t h e r  NaCl or NaF 
t h e  i n i t i a l  evaporation temperature increases  with increas ing  p a r t i c l e  s i z e  up t o  a 
maximum value, Te(max) . The temperature of an  evapora t ing  p a r t i c l e  cannot exceed 
(a l though i t  w i l l  reach) T (rnax) a t  x = 6 unless  t h e  p a r t i c l e  evaporates com- 
p l e t e l y  dur ing  passage thro&h t h e  flame. For  N a C 1 ,  T (max) = 148OoK, and f o r  
NaF, Te( max) = 1650'K. 

w i l l  decrease  i n  size a t  a rate described by t h e  express ion  

T can regd i ly  be 

Equation l2 impl ies  t h a t  a p a r t i c l e  evaporating under steady s ta te  condi t ions  

( 2 0 )  

where M = molecular w t  of material. 

A s i m i l a r  s teady  state express ion  can be derived for a p a r t i c l e  evaporating i n  a 
flame 

I n  Eq. 21, n, has been e l imina ted  by means of Eq. 15. Time . i s  measured from the  
onse t  of evaporation as previous ly  defined. Let x be t h e  poin t  i n  the  flame 
corresponding t o  t h i s  t i m e .  In t h e  cases-we w i l l  cznsider,  x > 0.  This d i s t ance  
w i l l  be t r ave r sed  in a t i m e  

e 
T = 6 - xe)/v.  

where dw = diameter of t h e  p a r t i c l e  a t  x = 6 

- 
(T, - T) = t h e  average temperature d i f f e r e n c e  between t h e  gas 

and t h e  p a r t i c l e  i n  the  l n t e r v a l  6 - xe . - - 
Further,  v = 4S, and a f t e r  s u b s t i t u t i o n  f o r  T and v and some manipulation, 
Eq. 22 can be transformed i n t o  Eq. 23, a form s u i t a b l e  f o r  determining the  degree 
of evaporation. 

The parameter (96)0 is the va lue  of 96 appropr i a t e  t o  do and t o  an assumed 
value of t h e  flame speed. The q u a n t i t y  1 - can  be  obta ined  from a graph of 
(T ,  - Te)i as a func t ion  of (OS),, t h e  va lue  6 of and Eq. 4. The quant i ty  

(T ,  - T) 
x = x 
(Ti -eT ) = 550'K. e f  

may be taken without s i g n i f i c a n t  error a s  t h e  average of (T, - T ) a t  
For NaCl, (T, - T ) = 720°K and fog h a p ,  and (T, - Te)f a t  x = 6 . 

e f  
Proceeding as ind ica ted ,  we calculated t h e  f r a c t i o n a l  degree of evaporation, 

SdO = 'i, 7 ' cons tan t  f o r  a given  degree of evaporation. Consequently, the  va r i -  
a t i o n  of 
t h e  v a r i a t i o n  is known f o r  a s i n g l e  flame speed. 

f o r  o the r  s e l ec t ed  values of x . For t h e  purpose of demonstrating t h a t  s m a l l  

4v3 

f 

f o r  NaCl and NaF. The r e s u l t s  are shown i n  Fig. 10. The product 

with p a r t i c l e  size f o r  acy  flame speed can be e a s i l y  obtained once 

The ca l cu la t ion  of degree  of evaporation c a r r i e d  out f o r  x = 6 can be done 

9 



21. 

t 
i 

P a r t i c l e s  of ma te r i a l s  such as NaCl and NaF w i l l  p a r t i a l l y  evapora te  dur ing  
passage through a flame, t he  r e s u l t s  shown i n  Fig. 10 f o r  x = 6 are sufficient. .  

The mathematical ana lys i s  j u s t  descr ibed  can  only be success fu l ly  appl ied  t o  
m a t e r i a l s  f o r  which t h e r e  is a v a i l a b l e  a r e l a t i o n  between t h e  vapor p re s su re  and 
t h e  temperature of t h e  material. Substances such as Na,CO, which decompose 
dur ing  evaporation cannot be t r ea t ed .  
eral  such materials w a s  determined i n  t h e  fo l lowing  way. A small quan t i ty  of 
material w a s  fused by flame onto  t h e  end of a platinum w i r e  u n t i l  a small  bead 
about 1 mm i n  diameter had been formed. The bead and wire were suspended i n  a 
Meker burner flame about 1 c m  above t h e  primary cones. 
measured from the appearance of c o l o r  i n  t h e  flame gases t o  t h e  disappearance of 
t h a t  color. The r e s u l t s  of such measurements a r e  shown i n  Table 11. 

NaF and Na,CQ, have roughly t h e  same v o l a t i l i t y .  Consequently, t h e  degree of 
evapora t ion  derived f o r  NaF can  be expected t o  apply roughly t o  Na,CO,. a s  w e l l .  
Next, K&O, is seen t o  be about t w i c e  as v o l a t i l e  as Na,CO,. This is also about 
t he  same as the  ra t io  of i n h i b i t i o n  e f f ec t iveness  f o r  these  t w o  ma te r i a l s .  Lastly,  
a l l  t he  test substances except Na,CO, are more v o l a t i l e  than NaF and small  par- 
t icles of these  substances would be expected t o  evaporate during passage through a 
flame t o  an  even g r e a t e r  e x t e n t  than NaF p a r t i c l e s  of t he  same s i z e .  Powders 
of a l l  bu t  t w o  of t h e  materials l i s t e d  i n  Table 11 were tested experimentally and 
found t o  be e f f e c t i v e  i n h i b i t o r s  of CH,-air  combustion. Materials which were not  
e f f e c t i v e  inh ib i to r s ,  talc, CaCO,, Ca(OH), ,  and CaF, are not v o l a t i l e  at  t h e  
flame temperatures encountered i n  our system and would not  be  expected t o  evaporate 
t o  a s i g n i f i c a n t  ex ten t  dur ing  passage through a CH,-air flame although CaCO, 
and Ca(OB), might decompose t o  CaO.  I t  appears t h a t  evaporation and i n h i b i t i o n  
e f f ec t iveness  a r e  companions and t h a t  t h e  observed i n h i b i t i o n  is due to  evaporated 
materials. With inc reas ing  flame temperature some of these  l e s s  v o l a t i l e  materials 
may e x h i b i t  a higher degree of e f f ec t iveness .  

IV. Discussion 

Therefore,  t h e  r e l a t i v e  v o l a t i l i t y  of sev- 

By stopwatch, t he  t i m e  w a s  

Consideration of t h e  d a t a  i n  Table I1 revea l s  a number of i n t e r e s t i n g  f a c t s .  

The t h e o r e t i c a l  a n a l y s i s  presented i n  Sec t ion  111 revealed t h a t  a s i g n i f i c a n t  
amount of evaporation w i l l  occur f o r  those  powders which were found t o  be e f f e c t i v e  
i n h i b i t o r s .  
t h e  powder p a r t i c l e s  and on t h e  v o l a t i l i t y  of t he  material. The c a l c u l a t e d  r e s u l t s  
f o r  NaCl and NaF shown i n  Fig.  10 i n d i c a t e  a high degree of evapora t ion  by t h e  
end of t h e  r eac t ion  zone. The average e x t e n t  of evaporation i n  t h e  r e a c t i o n  zone 
w i l l  be lower. For a11 but t h e  very f i n e s t  powders t h e  degree of evaporation f o r  
t he  spectrum of p a r t i c l e  sizes present  i n  t h e  powder i s  probably much l e s s  than 
one. 
e f f e c t i v e n e s s  and s p e c i f i c  su r face  area. An inc rease  i n  s p e c i f i c  su r face  a rea  w i l l  
r e s u l t  i n  g r e a t e r  f r a c t i o n a l  evaporation. Evaporation can, of codkse, b e  completed 
i n  t h e  pos t  flame gases, bu t  w e  are not  concerned with t h a t  region -- only  with t h e  
r e a c t i o n  zone i t s e l f .  

The ex ten t  of evapora t ion  w i l l  depend on t h e  temperature h i s t o r y  of 

Under such condi t ions  one would expect a p ropor t iona l i t y  between powder 

Two e s s e n t i a l  t a sks  remain: t o  i d e n t i f y  the  spec ie s  r e spons ib l e  f o r  inh ib i -  

The condensed material w i l l  evapora te  a t  high temperatures 
t i o a a n d  the  reac t ions  involved. To t h a t  end, cons ider  f i r s t  t h e  r e l a t i v e l y  
simple case of NaC1. 
p r imar i ly  a s  NaCl molecules. The NaCl i n  d i f f u s i n g  through t h e  ho t  r eac t ion  
gases  may be converted t o  Na by r eac t ions  such as 

( 24) H + NaCl  -P N a  = HC1 

Experimental observation of flames i n  which Na and C 1  w e r e  both present  i nd i -  
cates t h a t  t he  conversion w i l l  not be  complete (Ref.  8 ) .  Consequently, both N a  
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and NaCl must b e  accepted as major spec ie s  involv ing  N a  . Traces of NaOH can 
also be present,  as w e l l  as minute concent ra t ions  of sodium hydride o r  sodium 
oxides.  However, t he  oxides  have never been observed spec t roscop ica l ly  i n  flames 
which a l s o  contained sodium (Ref.  9). Inasmuch as only  minute concent ra t ions  are 
requi red  t o  give observeable emission spec t ra ,  t he  presence of s i g n i f i c a n t  quanti-  
t ies of t hese  compounds i s  unl ike ly .  AS f a r  as NaCl is concerned, t h e  major 
spec ie s  t o  consider are’ N a  and N a C l .  

decomposition. Depending on t h e  circumstances one may i n i t i a l l y  have N a ,  Na,O, 
Na,O,, etc. The i n i t i a l  spectrum of products i n  t h e  course  of d i f f u s i n g  away 
from the  p a r t i c l e  w i l l  be a l t e r e d .  The major spec ie s  t o  b e  expected a t  some dis- I 

t ance  from the  p a r t i c l e  is t h e  N a  atom. The presence of ch lo r ine  spec ies  i n  the  
gas w i l l  convert  a por t ion  of that sodium i n t o  NaCl . The observed decrease  i n  
powder e f f ec t iveness  a s  obse rved%in  the  presence of Na,CO, powder and CH3C1 
( s e e  Fig. 7 )  i nd ica t e s  t h a t  NaCl i s  r e l a t i v e l y  i n a c t i v e  and that i n h i b i t i o n  i s  
as soc ia t ed  with t h e  sodium atom. By impl ica t ion  t h e  o v e r a l l  e f f ec t iveness  of a 
sodium compound depends not  on ly  on v o l a t i l i t y  but also on t h e  a v a i l a b i l i t y  of the  
atom a f t e r  evaporation. By analogy o ther  a l k a l i  metal compounds would behave s i m i -  
l a r l y .  The a b i l i t y  t o  i n h i b i t  combustion i s  probably not  limited t o  the  a l k a l i  
metal atoms i n  view of t h e  similar r e s u l t s  obtained with N a C l  and @Cl:  The two 
are of comparable v o l a t i l i t y  and both would y i e l d  some metal atoms, N a  i n  t h e  one 
c a s e  and Cu i n  the o ther .  Further,  both Pb(C2Hs) and Fe( CO) s t rong ly  
i n h i b i t  hexane-air flames (Ref.  10).  A metal atom mechanism may be  ope ra t ive  i n  
those cases  too, although both  Fe and Pb may be p a r t i a l l y  converted t o  oxides 
or hydroxides. 

presence of metal atoms. A number of poss ib le  mechanisms w e r e  considered. Of 
these, t h r e e  were found to  b e  c o n s i s t e n t  with t h e  obtained r e s u l t s .  

I t  is poss ib l e  t ha t  metal atoms increase  t h e  rate of recombination of the  
r a d i c a l s  d i r e c t l y  associated w i t h  f lame propagation - H, 0 , and OH. Recombi- 
na t ion  r eac t ions  l i m i t  t h e  concen t r a t ion  of r a d i c a l s  i n  the  flame and in su re  t h e i r  
removal i n  the  post flame gases.  Consequently, an i nc rease  i n  recombination r a t e  
can be expected t o  reduce flame speed. N a  , which w e  w i l l  use a s  
an example, can a f f e c t  recombination rate by a c t i n g  as a t h i r d  body which is e f f i -  
c i e n t  i n  absorbing a po r t ion  of t h e  energy of recombination. 

Consider next t h e  more complicated case of Na,C03 which evaporates w i t h  I 

i 

The second task  i s  t o  i d e n t i f y  a mechanism of i n h i b i t i o n  which depends on the  

A m e t a l  such as 

H + OH + N a  -+ H,O + Na* ( 25) 
H i H + N a  - H, + Na* ( 26) 

O t O + N a  -. 0, i N a * .  ( 27) 
The e f f i c i ency  of Na as a t h i r d  body i n  r eac t ions  25 and 26 has  been measured in  
flame gases  (Ref. 11) bu t  is no t  g r e a t e r  than t h a t  of o the r  flame components pres- 
e n t  i n  f a r  l a r g e r  concent ra t ions .  Therefore, l i t t l e  d i r e c t  e f f e c t  can be expected. 
However, Na  does remove a t  l eas t  50 k c a l  of energy, t h e  e x c i t a t i o n  energy for 
t h e  t r a n s i t i o n  Na( *S) --c Na*( *P) . This e x c i t a t i o n  energy may then be r ad ia t ed  as 
l i g h t  or degraded i n t o  hea t  by c o l l i s i o n  with o the r  molecules. On t h e  o the r  hand, 1 

such t h i r d  bodies a s  the product molecules H20, H,, o r  0, may absorb a l l  or a 
por t ion  of t h e  energy r e l e a s e d  i n  recombination r eac t ions  of t h e  type shown i n  i 

Eqs. 25, 26, and 27. Such molecules with excess energy may be of unusual chemical 
r e a c t i v i t y .  However, i n  t h e  case of v ib ra t iona l ly  exc i t ed  product molecules c o l l i -  1 

s i o n s  w i t h  o the r  molecules w i l l  lead t o  r a p i d  loss of t h i s  energy. The mechanism 
c i t e d  cannot be d e f i n i t e l y  r u l e d  out  on the  bas i s  of our present  knowledge about 
t he  state of e x c i t a t i o n  of t h e  products r e s u l t i n g  from recombination r eac t ions .  
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, A metal such as .  N a  can a l s o  a l t e r  a rate of recombination by a two-step 
Process l i k e  t h a t  shown formal ly  i n  Eqs. 28 and 29. 

A + N a i M  -. A - N a + M  ( 28) 
B + A - N a  -t A - B i N a  ( 29) 

i n  which A and B a r e  H, 0, and OH, and M is a t h i r d  body. The c o l l i s i o n -  
s t a b i l i z e d  complex Na-A need not be a major spec ie s  but i t  must have a s u f f i -  
c i e n t  l i f e t i m e  t o  react with B .  Such a mechanism has  r e c e n t l y  been advanced a s  
an explana t ion  of third-body e f f i c i e n c i e s  and negat ive  temperature c o e f f i c i e q t s  
(Refs.  12 and 13) .  I f  t h e  product molecule Na-A does su rv ive  t h i s  length  of 
t i m e  and i f  r eac t ion  29 is  exothermic, t h e  rate of r e a c t i o n s  28-29 r e l a t i v e  t o  
the  d i r e c t  recombination 

w i l l  be about equal t o  t h e  r a t i o  
t h i s  mechanism t h e  c i t e d  r a t io  must accord ingly  be known. 

one-atmosphere s to i ch iomet r i c  C H 4 - a i r  flame are known (Ref.  14). 

A + B + M  + A - B + M  (30) 

Na/B.  In  o rde r  t o  eva lua te  t h e  f e a s i b i l i t y  of 

The equi l ibr ium mole f r a c t i o n s  of H, OH, 0 i n  t h e  pos t  flame gases  of a 

Ta = 2214'K 

H = 3.57 x 10-4 
Equilibrium Mole F rac t ion  OH = 27.8 x loe4 i o = 2.11 x 

In  t h e  flame zone i t s e l f  t h e  mole f r a c t i o n s  of t hese  t h r e e  s p e c i e s  are undoubtedly 
much higher, consequently t h e  c i t e d  va lues  r ep resen t  lower l i m i t s .  The concentra- 
t i o n  of Na i n  an i n h i b i t e d  flame can  be es t imated  from t h e  d a t a  shown i n  Fig. 2 
f o r  f i n e  About 0.003 mg/cc reduces propagation v e l o c i t y  by about ha l f  of 
t he  o r i g i n a l  value.  The mole f r a c t i o n  of N a  corresponding t o  t h a t  concen t r a t ion  
is about 1 .5  x lo-'. 
lo$, t h e  mole f r a c t i o n  of Na i n  t h e  gas w i l l  be 1.5 x A h ighe r  degree of 
evaporation i s  un l ike ly  i n  view of t h e  p r o p o r t i o n a l i t y  between s p e c i f i c  su r face  
a rea  and powder e f f ec t iveness .  Comparison of t h e  mole f r a c t i o n  of N a  i n  t h e  
flame with t h e  lower l i m i t  va lues  fo r  H ,  OH,, and 0 i n d i c a t e s  t h a t  t h e  ra t io  
Na/B I n  t h e  pos t  flame gases, t h e  
degree of evaporation i s  much higher and t h e  concen t r a t ion  of r a d i c a l s  lower. I n  
t h a t  region the  mechanism is  a f e a s i b l e  one, although it is appa ren t ly  not  f e a s i b l e  
i n  t h e  r eac t ion  zone un le s s  t h e  estimates of concent ra t ion  are badly i n  e r r o r .  

* * Fina l ly ,  N a  may d e a c t i v a t e  e n e r g e t i c a l l y  exc i t ed  s p e c i e s  such as 0, , CO,, 
C, , The concen t r a t ion  i n  t h e  flame of each of t h e  c i t e d  spec ie s  i s  
not known but is probably low. These spec ie s  may i n  a d d i t i o n  be  sideshow perform- 
ers not d i r e c t l y  involved i n  flame propagation. Consider f o r  i n s t a n c e  C," and 
C$. Emission i n t e n s i t i e s  from C," and CH" i nc reases  wi th  the  add i t ion  of 
bromine i n h i b i t o r s  (Ref.  15),  although flame speed decreases .  Both C," and CH* 
a r e  apparent ly  un re l a t ed  t o  flame speed. On t h e  o t h e r  hand, emission i n t e n s i t y  of 
OH*; decreases  wi th  inc reas ing  concent ra t ion  of bromine i n h i b i t o r  (Ref .  15) . How- 
ever, i s  deexci ted  on v i r t u a l l y  every c o l l i s i o n  with flame gases (Ref. 1 6 ) .  
Consequently, a minor c o n s t i t u e n t  can have l i t t l e  f u r t h e r  i n f luence  on t h e  deac t i -  
va t ion  o f .  O@. The decrease  i n  emission i n t e n s i t y  is probably a s soc ia t ed  with a 
diminution i n  t h e  rate of production of 
r a t h e r  than i t s  removal by r e a c t i o n  with HEr (Ref.  1 5 ) .  . 

Na,CO,. 

I f  t h e  average degree of evapora t ion  i n  t h e  flame is  about 

i n  the  flame is  probably much less than one. 

* CH", OH* . 

OH* 

OH* upon t h e  a d d i t i o n  of an i n h i b i t o r  

r 
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24. 

I n h i b i t i o n  can r e s u l t  from t h e  deac t iva t ion  of C h * .  The r e a c t a n t s  necessary 
t o  form CO,* a r e  present  i n  t h e  flame, such as * 

( 31) 
I 

0 + co - co, 
Moreover, 
c i t y  change assoc ia ted  with t h e  r a d i a t i v e  t r a n s i t i o n  (Ref. 17), 

CO,* is  metas tab le  with r e spec t  t o  r ad ia t ion  because of t h e  mul t ip l i -  

C0,*(3r) -. CO,( 'C) + hv . ( 32) 

Excited 
as those shown (Ref. 17) 

CO,* can t h e r e f o r e  exis t  f o r  a t i m e  and be a v a i l a b l e  f o r  r e a c t i o n s  such 

co,* + 0, -b co, + 0 + 0 (33) 

CO," + 0, - co, + 0, ( 34) 

o,* i. co + coz + 0 ( 35) 

?+ 

Oxygen atoms produced by r e a c t i o n s  33 and 35 may by f u r t h e r  r e a c t i o n  produce 
and OH. 

H 

I f  N a  '(or o the r  metal a t o m )  i s  p resen t  i n  t h e  flame t h e  deexc i t a t ion  rsac- 
t i o n  

c%*( '7d + N a (  'S) -P CO,( 'C) + Na*( ,p) 

could remove the  energy r equ i r ed  f o r  r e a c t i o n  33. The e x c i t a t i o n  energy of Na*(*P) 
may be r ad ia t ed  or eventua l ly  degraded i n t o  thermal energy by c o l l i s i o n .  
exc i t ed  0, formed i n  r e a c t i o n  34 can also l o s e  i ts  energy of e x c i t a t i o n  by colli- 
with N a ,  expec ia l ly  i f  t h e  0, is only v i b r a t i o n a l l y  exc i t ed  (Ref. 18).  Tbis  
mechanism of inh ib i t i on ,  t h e  removal of e x c i t a t i o n  energy by metal atoms, provides 
a q u a l i t a t i v e  explana t ion  f o r  metal  i nh ib i t i on .  So f a r  as know, it is cons i s t en t  
with f a c t .  CO,* be  an important in te rmedia te  i n  
t h e  combustion of hydrocarbons. 

The * 

The mechanism does r e q u i r e  t h a t  

1. 

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9 .  
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T a b l e  I 
S P E C I F I C  AREA OF POmERs USED 

Q P o w d e r  A*( cma/gm) 

talc 12,600 2.4 
c a (  OH) 9,000 2.9 

- 
caco, 2,000 ’ ‘11 ‘ 
NaBr 2,000 9 > 

caF2 3,500 5.4 

CUCl 3,000 5.7 

KaS04 5,200 4.3 
Na?ICO, 7,760 3.5 

E O 3  12,400 2.2 
Na2C0, 4,940 4.9 

10,800 2.2 

N a F  3,300 6.5 

NaCl  4,500 6 .O 

NaHCO, 11,900 2.3 

- 6 
Na,CO, 

P d =  

= average particle diameter 
p = dens i ty  of m a t e r i a l  
A+ = s p e c i f i c  surface area . 

Table I1 

RELATIVE VOLATILITY OF VARIOUS SOLIDS 

Substance T ( S e c )  B.P. (OK) 

N a X  - 1  1577 
KC1 - 2  1680 
CUCl - 2  1639 
NaBr  - 2  1666 
NaCl  3 1738 
K2c03 7 .... 

10 .... 
11 .... 
16 .... 

Li,CO, 
NaF 13 1977 
Na2C0, 

r = l i f e t i m e  of 1 mm bead of m a t e r i a l  when 
exposed t o  a Meker f l a m e  

15 
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STUDY OF VARIOUS INnlIENcES ON "E3 MTINCPION OF MFI?FANE- 
OXYGEN DETONATIONS BY FINE FOWDERS 

BY 

P. Laffitte, R. Delbourgo, J. Cambourieu and J. C. Dumont 
Laboratoire de C h i d e  Generale - Sorbonne - PARIS 

Since  our l a s t  c o n t r i b u t i o n  to this s u b j e c t  (1) a cons iderable  impulse 
has been given, e s p e c i a l l y  i n  t h e  United S t a t e s ,  t o  the Study o f  flame extinc- 
t i on ,  i n h i b i t i o n  and r e l a t e d  phenomena and an impor tan t  e f f o r t  has been made 
to coord ina te  i n v e s t i g a t i o n s  c a r r i e d  out  i n  t h i s  f ie ld ,  to  promote fur ther  re- 
search  and to br ing  to the  knowledge of workers throughout t h e  world a l l  possi- 
b le  information on t h e  topic, 

m e  ex i s t ence  of an ex tens ive  and exhaus t ive  Survey Report  on t h e  Action 
of flame Extinguishing Agents by R. FilIEDLi: and J.B, tV (2) t oge the r  wi th  t h e  
regular publ ica t ion  by the  Fire Research C o m i t t e e  under t h e  Sponsorship of t h e  
PlationaUResearch Abstracts and Reviews (3) mill au thor i ze  us t o  c u t  s h o r t  any 
h i s t o r i c a l  developnent on t h i s  subject and r e f e r  the reader i n  sea rch  of such 
information to references 2 and 3. 
,(Rc,clrck CoVrrct( , e[ Gre - -  -.l 

5ll our experiments were c a r r i e d  o u t  on t h e  mixture CQ +2 9 whose I 

de tona t ion  v e l o c i t y  i s  well determined and of t h e  order  of 2300 mfs. 3hereas  pre- 
vious i n v e s t i s a t i o n s  had been carried ou t  w i t h  var ious  mixture concent ra t ions  
and i n  some cases  with hydrocarbons o the r  than methane we have t h i s  time exten- 
s i v e l y  s tud ied  t h e  behaviour of s toechiometr ic  methane oxygen mixture a t  atmos- 
pher ic  pressure. The lay o u t  of t h e  apparatus allows fo r  mixtures  to be made ou t  
under cons t an t  volume i n  a mixing vesse l  where each c o n s t i t u e n t  i s  introduced 
under i t s  o m  p a r t i a l  p ressure ,  &thane used i s  pure grade 992 and i s  des s i ca t ed  
before  admission, Oxygen i s  de l ive red  fron comcercial  cy l inde r s  and i s  a lso  t rea-  
t e d  by phosphorus pentoxide. The new and i n t e r e s t i n g  p a r t  of the apparatus 
c o n s i s t s  of t h e  de tona t ion  tube  and t h i s  w i l l  be descr ibed  i n  some d e t a i l .  

The de tona t ion  tube  is made of perspex, sheathed by a p l a s t i c  v inyl  
tubing- This device has  proved e f f e c t i v e  i n  t h e  sense  t h a t  t h e  tube i s  no t  shat-  
tered t o  p ieces  a s  was t h e  case Vri th  g l a s s  tubes; reproducib le  and w e l l  def ined  
dondi t ions  p r e v a i l  & each experiment. The tube  i t s e l f  c o n s i s t s  of two p a r t s  
separa ted  by a s p e c i a l l y  b u i l t  slide va lve  which i s  mechanically z r iggered  open 
synchronously vrith the i g n i t i o n  device,  The tube  i s  v e r t i c a l  w i t h  an in s ide  dia- 
meter of 16 mm. The t o p  p a r t  i s  40 cm long and t h e  bottom p a r t  200 CQ. The ipi- 
t i o n  i s  s t a r t e d  a t  t h e  bottom by a srnall de tona to r  and t h e  de tona t ion  t r a v e l s  

The s l i d e  va lve  ( f i g u r e s  1 and Z) c o n s i s t s  mainly of a t h i n  glucinium 
bronze blade 3/10 t h  of a. mm t h i ck  which e i ther  shu t s  t h e  cocnnunication between 
t h e  txo tubes o r  i n s t an taneous ly  sets the  conp le t e  ape r tu re  open, The s h u t t e r  
mechanism has a c e r t a i n  number of advantages mainly i n  t h e  sense t h a t  being 
extremely t h i n  t h e  sudden opening of t h e  s l ide  in t roduces  a s  l i t t l e  a s  poss ib le  
per turba t ion  to t h e  mixture  contained i n  t h e  tube,  a l s o  t h a t  t h e  a p e r t u r e  of t h e  

upiard. 

33. 
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valve being exac t ly  the  tube diameter  it t h e r e f o r e  does not  in t roduce  any diame- 
ter v a r i a t i o n  a t  its passage, t h i r d l y  t h a t  it has been poss ib le  t o  u s e  t h i s  de-  
v ice  to in t roduce  the  pulver i sed  mater ia l  i n t o  t h e  mixture by s e t t i n g  t h e  wei- 
ghed sample on t h e  s l i d e  p r i o r  t o  any o t h e r  s t e p  i n  the experiment then allowing 
t h e  two p a r t s  of the tube  to  be f i r s t  evacuated ( t h e  s l i d e  valve being VactlllIl 
t i g h t  through t h e  use of 0 r i n g s )  then f i l l e d  with the  combustible mixture & 
the same pressure.  In t r i g g e r i n g  the valve open and i n  s e t t i n g  the i g n i t i o n  
s t a r t e d ,  t h e  powder is set)! f r e e  t o  f a l l  and d i s p e r s e  fac ing  t h e  de tona t ion  
f r o n t  t r a v e l l i n g  u p a r d  towards it. 

The luminous henomenon is  recorded by t h e  c l a s s i c a l  r o t a t i n g  lrum 
camera on aKodak Tr$x .a f i lm and d i f f e r e n t  record ings  a r e  given i n  f i c p c e s  3 to 
l2- I n  p a r t i c u l a r  it can be seen  i n  f i g u r e  3 which r e l a t e s  t o  t h e  detonat ion of 
CHq 9 2 (& mixture with no powder a t  a l l  t h a t  i m p o r t m t  fundamental condi t ions 
are met with,  namely t h a t  the  detonat ion is w e l l  es tab l i shed  and s t a b l e  throu- 
ghout the propagation and a l s o  t h a t  t h e  s l i d e  valve which has been s e t  open a t  
t h e  i g n i t i o n  i n s t a n t  has  n o t  introduced any per turbat ion.  

The pulver ised substance s tudied  has  been potassium b i t a r t r a t e  which hac6 
previously proved t o  he a good i n h i b i t o r  and which has t h e  advantage of being 
e a s i l y  prepared i n  f i n e  f r a c t i o n s  and of n o t  being too hygroscop ic ,S i l i cawas  
also i n v e s t i g a t e d  i n  sone c a s e s  i n  order  t o  confirm previous r e s u l t s  obtained 
with i t  and a l s o  to draw tt p a r a l l e l  between t h e  two samples. 

The sample i s  f i r s t  crushed mechanically and then s ieved down t o  a f rac-  
t i o n  pass ing  through 450 mesh. This f r a c t i o n  is  f u r t h e r  reduced by passing 
through d RoIIer  Air E l u t r i a t o r  and Two f r a c t i o n s  c m  be obtained i n  this \pay, 
one w i t h  an average diameter 4 lop and another  rnith an average diameter 
< a p  I n  each case t h e  s p e c i f i c  s u r f a c e  a r e a  has  been measured by t h e  Rigden 
a i r  permeabi l i ty  method. 

A r e l a y ,  conveniently energised,  is able  t o  introduce a delay  between 
the  opening of t h e  valve and t h e  i g n i t i o n  of t h e  mixture. This enables  the  ope- 
r a t o r  e i t h e r  to obta in  a simultaneous i g n i t i o n  and opening of t h e  s h u t t e r  set- 
t i n g  t h e  powder f a l l i n g ,  o r  on t h e  cont ra ry  to start the powder f a l l i n g  8 few. 
f r a c t i o n s  of  a second p r i o r  t o  i g n i t i o n -  

In a c t i n g  in t h i s  w a y  on the  de lay  between the opening of  the  va lve  
and t h e  i g n i t i o n  one i n  f a c t s  acts upon the  d ispers ion  of t h e  sample which if 
of course b e t t e r  dispersed i f  t h e  de lay  is longer,  I n  t h i s  way a powder (potas- 
sium b i t a r t r a t e )  of average p a r t i c l e  s i z e  .( 10; is l i k e l y  t o  d i s p e r s e  from 
0 to 68 cm when the  de lay  int-roluced v a r i e s  f r o  0 t o  0,6 sec. 

Table I summarizes t h e  r e s u l t s  obtained with such a sample where r 
(average r a d i u s )  is < 10 )- 3,2!5? and where S is t h e  s p e c i f i c  sur face  
a rea  of  t h e  sample i n  c&/g -; i n  t h i s  case  s =46W c&/g 
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t c 0,15 0,2 0,s or4 0,48 0,5 G,6 

.. 
%30 Z390 3160 4910 6160 7440 7560 : 

: h  - 10 14 24 37 31 54 58 

- 119 1 2  101 83 73 71 68 : G  

i s  t h e  Extinguishing mass, expressed i n  ag, i. e. t h e  minivm weight of  e a t e r i a l  
t o  ob ta in  the  c a r p l e t e  qdenching of a de tona t ion .  

i s  t h e  he i zh t  i n  cm a t t a i n e d  by t h e  f a l l i n g  powder. h 

. r i s  t h e  t o t a l  ex t inguish ing  su r face  a rea  i n  c& , i. e. a. S. 

i s  t h e  average ex t in su i sh ing  d e n s i t y  expressed i n  su r face  of t h e  powder 
by v o l w e  u n i t  of t h e  cloud a t  t h e  e x t i n c t i o n  po iz t .  c&/c$ 

& , ('I = vo1w.e o f  t h e  d u s t  cloud = h x a rea  of t h e  croos-section of 
t h e  tube).  

This t a b l e  S h O ' i S  a c e r t a i n  nuinber of c h a r a c t e r i s t i c  f e a t u r e s  : 

1. The n i n i ~ m  q u a n t i t y  i n  weight necessary  f o r  e x t i n c t i o n  i s  t h a t  obtained 
r i t h  a de lay  of 0,15 sec ,  t h a t  i s  a f t e r  t h e  cloud has d ispersed  10 cn dormwards; i f  
t h e  delay i s  longer,  t h e  ?o;i%er i s  more and more d i spe r sed  ana t h e  quan t i ty  necesszry 
f o r  eh t inc t ion  increases .  s ninirnm l i spc- rs ion  i s  the re fo re  necessary  and is -!ore 
e f f e c t i v e  than none, .'lhen l i s p e r s i o n  inc reases  over t h i s  c r i t i c a l  va lue  then the  
c'ensity of t h e  cloud becomes s a a l l e r  and a l a r g e r  q u a n t i t y  becones necessary to ob- 
t a i n  the  sane e f f ec t .  

2. Sxcept i n  t h e  c s e  ?:here t = O  , i. e. no d i s p e i s i o n ,  t h e r e  seem t o  >e 
a rehiation of the form: 

4 

, 

'uebveen t i e  ext inguish ing  mass and t'ne del3y. 



The l a r g e r  p a r t i c l e s  t oge the r  wi th  t h e  smal le r  ones f a l l  wi th  r e spec t ive  
v e l o c i t i e s  v and v t  which a re  r a p i d l y  a t t a i n e d ,  t h e  heiGht of d i spe r s ion  of 
t h e  f a l l i n g  cloud being. 

h I) ( V  -v*) t 

- k = c t e  
"r; v - v '  .'. m = k t  

Therefore t h e  nininun e x t i n p i s h i p g  dens i ty  viould be  cons tan t .  

i inis has led u s  t o  p h o t o p a p h  tb.e f a l l i n 5  of t n e  s m p l e  by recording t h e  
d i f f r a c t e l  l i s h t  along a s l i t  p a r a l l e l  t o  t h e  tube. Such a pho togaph  i s  shown i n  
f i g u r e s  13 and 14. 

'Jsincj t h e  values of h we have ca l cu la t ed  thne werl-ge ex t in su i sh ins  
dens i t i e s .  per u n i t  vo1uc.e of c o r h u s t i b l e  mixture  expressed i n  number of nil l imoles 

n being t h e  t o t a l  number of millimoles of pov:der conta ined  i n  the tuSe. 4 per  cc 

3. The dens i ty  G- decreases  r a p i d l y  when t increases ,  reaching  however a 
l i m i t  value.  

Table I1 shows t h e  exFer iaenta1  d a t a  obta ined  v:ith a coa r se r  s m p l e ,  < 20). t h e  averacje diameter i n  t h i s  ca se  i s  0,4) , tine s p e c i f i c  area S is  
la0 cS/cj. 

These r e s u l t s  shovr t h a t  t h e  l i m i t  v a lue  o f  t h e  dens i ty  is  a t t a ined  with 
t 2 0,3 see.  Conparins T z S l e s  I and I1 one can see  t h a t  2 i r c r e a s e s  when h is 
l n c r e a s e l ,  c ho;';ewer decreases  and t e d s  t w a r l s  a l i m i t  nhich is mre r q i d l y  

, 
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19,4 7,41 14,6 17,s %,5 27,6 : 
! 
1 

47EO 2290 4510 5340 6660 I 7500 75% E4.G : 
b 

- 13.5 ZS 48,5 70 79 60 9 0 .  

- 84.4 77,4 53.7 47,s 47,2 47,l 472 : 

- 2,73 '&90 , 1,74 1.53 1 ,52 1.52 1,53 : 

Coilpared xitin Table II t h i s  sanple  :.hich i s  coa r se r  than sample I1 shovis 
m i nc rease  i n  m, ainimun q u a n t i t y  necessary :or ex t inc t ion ,  h t h e  d i spe r s ion  
he igh t  i s  a l s o  g e a t e r ,  and 4 decrease nhen t inc reases ,  t h e  l in i t  values 
Seinrj reached 2s e a r l y  a s  0,3 sec .  

t he  s p e c i f i c  a rea  being S = 6,11 i+/g 
TaSle I V  s u m a r i z e s  tho  r e z u l t s  obtained :;ith s i l i c a ,  pass ing  a 450 mesh, 

T a 3 E  IV 
t 0 0,15 G 2  G,6 

i n  o rder  tc conpare theex,perimental d a t a  obtained we have ca l cu la t ed  t h e  
l i n i t  v e l o c i t y  of t h e  d u s t  p a r t i c l e s ,  assming each p a r t i c l e  t o  be sphe r i ca l  and 
fellinz independantly. Th i s  has l ed  u s ,  for a de l ay  of 0,6 sec ,  t h a t  i s  f o r  t h e  
g r e a t e r  poss ib l e  d i spe r s ion  to a va lue  of 



i n  order  t o  a t t a i n  a po in t  s i t u a t e d  1 m below t h e  s h u t t e r  i n  0,6 sec- The powder 
the re fo re  f o n s  clusters of an average r a d i u s  of 63 microns. 

Discussion: 

A c e r t a i n  nunber of u s e f u l  c o m e n t s  can be  made by the c a r e f u l  observa- 
t i o n  of t h e  pho topaph ic  record ings ,  

F i au re  3: shovrSa de tona t ion  f r e e  of powder passing tAkough t h e  s l i d e  va lve  
'(blackspace a t  t he  upper p a r t )  without any disturbance. The i n t e r v a l  between 
two black marks a t  t h e  t o g  r e p r e s e n t s  1C a. 

Ficu re  4: shows a de tona t ion  w i t h  2coo mg of  potassium bi ta r t ra te ( l0) .  - no 
de lay  between t h e  opening of the  s h u t t e r  and t h e  i g n i t i o n ,  R a c t i c a l l y  a l l  t h e  
powder i s  s t i l l  a t  t h e  level of the s l i d e  va lve  *en t h e  de tona t ion  f r o n t  reaches 
it, an a t t s n u a t i o n  o f  the v e l o c i t y  is apparent passed t h e  va lve  be fo re  t h e  deton- 
t i o n  c a r r i e s  on its way. 

F icu re  5 : Same condi t ions  w i t h  2cl5 mg ins t ead  of 2coo mg- Ext inc t ion  is priscti- 
c a l l y  obtained a t  t he  valve,  a small flame i s  seen t o  propagate a t  areduced velo- 
c i t y  a f t e r  t h e  passage o f  t h e  valve.  

F i c u r e  6 Delay 0,3 sec between opening t h e  s h u t t e r  and i g n i t i o n ,  m = 1040 ng; t h e  
l m i n o u s  p a r t  o f  the  r eco rd ing  i m e d i a t e l y  before  t h e  s l i d e  va lve  co inc ides  wi th  
t h e  p o s i t i o n  o f  t h e  d u s t  f r o n t  as measured by t h e  d i f f r a c t e d  l i g h t  method ( f i g d 4 ) .  
T h i s  i s  i m e d i a t e l y  followed by a dark  zone where t h e  v e l o c i t y  is seen  t o  be redu- 
ced. The q a a n t i t y  m being less than  t h a t  necessary f o r  ex t i r lc t ion  t h e  w e  passes 
through t ! e  s h u t t e r  and is seen t o  propagate a t  t h e  upper p a r t  of the tube w i t h  a. 
reduced v e l o c i t y  before t h e  de tona t ion  i s  reformed. 

F icu re  7 
t i o n  i s  obtained. The same luminos i ty  and v e l o c i t y  reduct ion  a s  i n  figure 6 a r e  
observed. 

shows t h e  same phenomena, 10 q over  t h e  1C40 ng used i n  f i g u r e  6, extine- 

F icu res  8. 9 and 10 are a series w i t h  a de l ay  o f  0,4 sec where t h e  luminosity i s  
seen  t o  appear e a r l i e r  i n  t h e  r eco rd ing  ( t h e  de l ay  being longer t h e  powder has 
t r a v e l l e d  f u r t h e r )  the same v e l o c i t y  reduct ion  i s  observed be fo re  ex t inc t ion  is  
obtained ( f ig .  10). 

Fiaure 11 

F icu re  12 0,2 sec, This record ing  i s  i n t e r e s t i n g  i n  t h e  
sense  t h a t  'cao re - ign i t ions  a r e  observed none o f  them leading  t o  t h e  reformation of 
a t r u e  de tona t ion  before the  end o f  t h e  t&e is reached, 

concerns a s t i l l  longer  d e l a y  (0,5 sec) t h e  luminosity starts earlier-  

concerns s i l i c a ,  2150 mg, 

F i m r e s  13 2nd 14 

has- been obtained with a de lay  of 0,6 with  potassium b i t a r t r a t e  < 45OP , The dens i ty  
of t h e  cloud appears t o  be m a x i m  towards t h e  cent re ,  F igure  14 i s  f o r  a de l ay  of  
0,3 S , 

are r e l e v a n t  t o  powder samples f a l l i n g  along t h e  tube  ( d i f f r a c t e d  
each black i n t e r v a l  i s  10 an d i s t a n t  from t h e  next one, Figure 13 

t h e  powder has reached  50 cm, t!!e d i s t r i b u t i o n  is bet ter  than i n  f i g u r e  13. 

I 
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Co -IC 1 u s i  on : 

Tie genera l  conclusions t h a t  can be  d r a m  from t h e  observa t ion  of t h e  
da t a  presented  are the following. 

events. A r educ t ion  o f  v e l o c i t y  is always observed a f t e r  the wave has t r a v e l l e d  
f o r  soae length through t h e  d u s t  cloud. During t h i s  propagation a s t rong  excita- 
t i o n  of tho, l ux inos i ty  i s  observed. Tinis i s  immediately followed b y  an important 
reduct ion  i n  luminos i ty  (probably due t o  the cool ing  e f f e c t ) ,  According to 
whether t h e  d u s t  q u a n t i t y  is s u f f i c i e n t  o r  no t  to produce e x t i n c t i o n  t h e  wave 
r r i l l  e i t h e r  proceed wi th  a reduced v e l o c i t y  qnd reform a de tona t ion  f u r t h e r  along 
t h e  tube o r  proceed a s  an uns t ab le  de f l ag ra t ion  o r  else become completely extin- 
guished. 

1. Ext inc t ion  always preceeds through the same reproducib le  f l l n o f  

i 

, 

b 

, 

These events  a r e  p e r f e c t l y  reproducib le  and t h e  i n h i b i t i o n  nechanisa is 
one of d i s s o c i a t i o n  of t h e  combustion and de tona t ion  waves, tIne e f f e c t  being t o  
reduce t h e  flacce v e l o c i t y  e i t h e r  opera t ing  a s  an i n p o r t a n t  hea t  s ink ,  reducing +he 
temperature o r  by@& o the r  aechanisrn such a s  a: chain  breaking one ( 4 ) ,  t o  tine 
po in t  where t h e  f l a 3 e  cannot r e a c c e l e r a t e  enough to  r e f o n  t h e  detonation. 

20 The e f f e c t  of d i spe r s ion  s h w ~  that  a minimm d i spe r s ion  i s  necessary 
t o  ob ta in  ninimum c p a n t i t i e s  of mater ia l .  I n  t h e  case  of o n  exper inents  a t ine 
l a g  of C,15 sec has proved t o  be optimum. This corresponds to a he igh t  of d i sper -  
s ion  of SC cm below t h e  slide valve.  

E Table  I I1 and I11 show t h a t  the r a t i o  - , t he  average extin- 

tends  towards a lbit  value, more o r  less r a p i d l y  
V 

Suishing d e n s i t y  Gc&/  cz? 
a t t a i n e d  according to  t h e  average p a r t i c l e  size. 

3, The f i n e  p a r t i c l e s  remain nea res t  t h e  s l i d e  va lve  n h i l e  the coarser  
ones f a l l  more rap id ly .  Ex t inc t ion  i s  only  obta ined  i f  propagation through the  
cloud can r each  t h e  f i n e  po r t ion  o f  t h e  sanple. 

4. Potassium b i t a r t r a t e  i s  d e f i n i t e l y  a better i n h i b i t o r  than  s i l i c a  
with which too  l a rge  q u a n t i t i e s  a r e  necessary to be s ign i f i can t .  

condi t ions  and reproducib le  results, I n  s tudying  one s o l e  mixture (Stoechiometric 
nethane oxygen) and i n  ex tens ive ly  examining t h e  behaviour o f  one s o l e  i n h i b i t o r  
( n m e l y  potassium b i t a r t r a t e )  we have w i l l i n g l y  l imi t ed  t h i s  paper t o  the  in f lu -  
ence of d i spe r s ion  on t h e  ex t inguish ing  phenomenon. Other f a c t o r s  w i l l  be s tud ied  
sys t ema t i ca l ly  i n  t i e  near  fu ture .  

au CdRS, f o r  h i s  he lp  and ingedbs i ty  i n  bu i ld ing  t h e  s l i d e  va lve  and o the r  p a r t s  
of t h e  equipment used. 

YIe have i n  t h i s  work endeavoured to ob ta in  d e f i n i t e  experimental  

The au thors '  thanks a r e  due t o  R. FGciuwiIZR, Col labora teur  technique 

i 
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A. Connecting R o d  
B. SprFDg 
C. Slide Shutter 
I). Detonation Tube 
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The M c t i o n  of Pires by Water s p v a  

B 
I). J, Rasbaah 

Department of Scientific and Industrial Researoh and Fire Opfices' Committee 
Joint Ftre Research Organization 

Flre Research Station, Station Road, Borehapl Wood, H e r t s .  

IkPiTLQWCTIOEI 
Water spray has long been widely used for the erffn&en of fkes h 

both liquid and solid Pnelso =thou& there have been numerous ad hoc 
investigations on the effect of sprays Prom various nozzles QU fires of dlFp- 
erent tspes, it is only  in recent years that aqy systematic study bas beea 
made using sprays  and fires ui th  controlled and measured properties. W o r k  
of this nature has been &ed out for about ten years  at the Joint Fire 
Research Organizatian, In this work attention has been paid in particular 
t o  the abi l i ty  of spray t o  penetrate t o  the seat of a fire, the mechanism 
of extiaction a d  the properties of sprays r e m d  t o  extin@& fiws of 
various types. To some extent the work has also permitted an approach t o  be 
mede t o  defining critical heat transfer c r i te r ia  for extinguishing fire, In 
t h i s  paper these aspects of the problem m i l l  be discussed and i l lus t ra ted  by 
experimental results obtained at the  above organisation and elsewhere, The 
results of the exper*slents also suggest certain broad principles on which 
fire fighting operatiomshould be based, asd these be outlined. 

PEIGEWKON QF SpBdY TO THF: SEA!i! OF A FIRE 

In order for a spray t o  be able to  exert a useful effect on a fire it is 
u w  necessarg for the spray t o  b8 able t o  penetrate t o  the seat of the 
fire, particularly t o  the burning fuel, To do t h i s  the spray must be either 
formed near the fuel or i% must have aupficient forward farcre t o  prevent  too 
muoh of the  sprw being ei ther  M l e c t e d  by or evaporated in the flsme and 
hot gases associated with the  fire. 

are the drop size and thrust cf the spray, the thrusts of the flames and wind, 
gravi- and the evaporation of sprw in the flames. Rhea sprays are applied 
t o  fires by band the  effects  OP the thruat of the flames and the wind, and the 
evaporation of spray in the flames are usllally minimized 
sprw c l i rec ta  thrau-&h the base of the  flames t o  the fuel from the upwind side 
af the fire; t h e  reach af the spray, which i s  determined mainly by gravity 
and the  forward thrust of the spray, uwally controls the penetration t o  the 
seat of the fFreunder these conditions, %en sprag i s  applied downward t o  a 
f b e  a l l  the above factors  are UP importance but particularly the relative 
thrusts  of the s p a y  and the flames. Little information is available Apm 
the l i terature  on either of these two faotors but mrk carried out at the 
Joint Fire Research Organization indicates that they may be estimated fram 
rssdily measured properties of the spray and the flame. The thrust witbin a 
spray is a function of the reaotion a t  the OOSSle and the  ddth of the sp-; 
there is also evidence that a t  some distance from the noade it is a p p d  
ate* equal to  the thrust of the  entrained sir current. The latter depenaS 
on the flow ra te  of spray per  unit area and the pressure at  the nostles. 
thfnst of m e a  is proportional t o  the buoyancy head. Further iaformation 

The factors which control'the penetration of spray t o  the seat af a Pire 

app3ylng the 

The 
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on these relationships is  given in the appendix. 

available for  fires in kerosine burning in a 3 cm diameter vessel using down- 
w a r d  application of s p ~ ( 1 ) .  The results were scattered mainly because the 
penetration was very sensitive to  the  pattern of the  sprey a t  t he  f i r e  area, 
a factor which was very d i f f icu l t  t o  control experimentally. 
however, the penetration decreased as the pattern of the spray became more 
peaked In the centre of the vessel and as the thrust  and the drop size of the 
spray decreased. 
fig. I which re fers  t o  sprays in which the  peak o f  the spray distribution was 
contained in the central half of the vessel but In which not more than one 
fourth of the area of the vessel vas covered by a flow ra t e  l e s s  than one half 
of' the peak value. 
spray thrust ,  as calculated Prom the entrained air current, and the drop size 
on the penetration is  clearly seen. There i s ,  homver, an indication that at 
drop sizes greater then about 008 m the penetration was  independent of the 
thrust .  
t ion was usually considerably greater. 

Expe-ental inf'ormation on the penetration of sprays t o  burning fue l  is 

Broadly, 

The effect  of the l a t t e r  b o  factors are i l lus t ra ted  in 

I n  spite of the scatter of the points, the effect of 

If the peak was outside the central area of the vessel the penetra- 

I n  the t e s t s  referred to  in fig. 1 the height of the flame as dud& 
visually was 1% cm before the application of s p q  and w a s  reduced t o  mean 
values between 80 and 140 cm during the application of the spray. 
heights correspond t o  upward flame thrusts of yC and 18 - 30 dynes/cm2 (see 
appendix). 
required t o  give a 
t o  these values. 

These 

It w i l l  be seen from f i g o  1 that the thrusts of the spray 
per cent penetration fo r  the finer sprays 2s comparable 

c. 
F 
I 

It w a s  observed during the t e s t s  that  as the thrust of the spray was 
increased above ZY dynes/cm2 the flames became increasingly unstable. 
with hi&er thrusts than represented in fig.  I often caused stabilization of 
the flame as a relatively flat flame above the vessel a f t e r  a period of 
instabmty.  The mhiimm sprey thrust a t  w h i c h  t h i s  phenomenon occurred w a s  
77 Wes/cm2. It muld be expected that rnrder these conditions the bulk of 
the spray, even if it w e r e  fine and of a peaked pattern a t  the f i r e  area, 
would penetrsite t o  the burning fuel; 
ation of the results in fig. 1 . This critical thrust, To might be related t o  
x, the height of the flames as judged visually pr ior  t o  the application of 
spray, by equation 1. 

Sprays 

this might a l s o  be inferred by extrapol- 

Tc = 0.5 F, 6 x ......( 1) 

Or = density of' a i r ,  g = acceleration due to graviw. 1 
It would be expected that since equation 1 represents the thrust  in the a l r  
current of the spray required t o  overcome the buoyancy head of the flames, To 
should scale with flame heigtrt f o r  larger sizes of f i re  than the fire tested. 

pressure, the thrust of the spray in  these exparimSnts was apprardmstely 
independent of' the drop size. Therdore, as the drop size decreased the 
penetration decreased. However ,  as the drop size decreased the efficiency at' 
U t  mass of spray in reducing the r a t e  of burning increased since the finer 
spray cooled the l iquid more efficiently. As a resu l t  of these two phenomene 
a &op size occurred a t  which there was a minirrnrm r a t e  of burning for a &ven 
flow rate end pressure. 
decreased from 0.8 t o  0.33 mm as the thrust increased from 6 t o  26 mes/.m2. 

For a gimn flow r a t e  of spray in the absence of fire, and f o r  a given 

This drop size depended on the  prey thrust, and 



j2. 
EXHiWISM OF ExTIlBCPION 

There are two main ways of actin&shing a fk.e with water sprey: 
(1) C O O l b g  the burning fuel and (2) cooling the flame. 
smothering the flame with steam is  one aspect of Cooling the flame and w i l l  
be dealt  with under that heading. 

Cooling the fue l  

To reduce the temperature of the fue l  the spray must be capable of 
abstracting heat from the fuel a t  a ra te  greater than the ra te  at which the 
fuel  will take up sensible heat. Heat Wiu, nonnally reach the  f'ud by heat 
transfer from neighbouring hot bodies and from the flame. Information on 
heat transfer f r o m  bodies may be obtained from tgkts on heat transfer 
although there are maay important cases, for example, on the flow d films of 
f luid over hot d a c e s  where information is lacking. 
which w i l l  be given l a te r ,  that radiation from the flame t o  the f u e l  that  is 
being cooled does not normally play a lerge p a r t  in deterrrdning critical 
conditions for extinction, although if only a p a r t  of the fire is being 
extinmshed at any one time, radiation from the rest  of the flames might 
become an important factor. 
will be paid t o  estimating critical conditions when the surface receives heat 
mainly by convective or conductive transfer from the flame. 
may be obtahed from h o r n  relationships beheen the r a t e  of burning and the 
heat transferred from the flame t o  the surface. The method used mag be best 
i l lustrated by an example. 

The mechanism of 

'bere is evidence, 

In this paper, therefore, p a r t i c u l a r  attention 

Such estimates 

Equation 2 was found by Spalding t o  give the rate 
5 of liquid fires flowing over &aces with a vert iaal  dbension 

.... eo(2) 

where m" i s  the average ra te  of vaporization p e r  un i t  surface area, 
a is the l inear dimension of the surface, 
k,c dare thermal conductivitg, specific heat and therspal d i f fus iv iw 

of a i r  at room temperature, 
g i s  the acceleratian dw t o  ea&*, c 
B i s  a transfer matmr e w  t o  c ( ~ y  .- 1 5  .id/ .zc 

where Q is the heat transfer t o  the,fuel  surface per  unit mass of fuel 

Rl% is the concentration of oxygen in air (by weight), 
E i s  the heat of combustion of the f'uel, 
Tg is  the amblent gas temperature Snd T, the . d a c e  

r i s  tfie stoiohiometric ra t io  (weiept ~f wsezl/wei&t fuel). 

VapariZed, 

temperature, 

Normally, under steady conditions, the value of Q i n  the transfer number is 
equal t o  the heat repired to  vaporize unit a s s  of fuel. Hol~ever, wha 
a spray is acting on the f u e l  and heat is being removed from the f U d ,  4 w i l l  
be greater than xi. 

t o  
For most liquid bydrocarbonsequation 2 may be reduced with l i t t l e  error 

.... 0 4 3 )  

1 
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L , 

The ra te  a t  which heat reaches uni t  area of the burning l iquld  from the flame 
the rate at which heat needs to be transferred t o  vaporize the h 8 l  

maintained if the spray removes from the l iquid a quantity of heat 8 given by 
is is \:H''. Therefore, a steady condition a s  expressed in equation 3 w i l l  be 

Combining equations 3 and IC gives either 

OT 

. . 0 .  .e (4) 

. . . 0 0 .(5) 

0. 0 ( 6 )  

If the spray is  capable of removing heat a t  a greater r a t e  than y t h e  tempers- 
ture of the fuel will be reduced. T h i s  E E L  result in a smaller value of ma 
and a correspondin- larger value ~f Q 
will d s o  bring about a reduction in the r a t e  a t  rrhich spray can remove heat 
f r o m  the fuel. 

y'. The reduction i n  temperature 

In a burnin fue l  in which the temperature of the f u e l  has reached steady 
= 0. The application of' spray with a lower conditions, 0 = tf and 

temperature than the fue l  w i l l  therefore ZWSdt in the fuel being cooled. 
This rrill continue un t i l  e i ther  a s t e e  burning condition i s  established a t  
a particular te@erature or one of the two following c r i t i c a l  conditions fo r  
extinction i s  reached. 

(1) The value of Q may reach the nxdnum value, QO which the flame i s  

(2) The value o f  a" may reach a mi.r&mu value, &a below which a flame 

The rate&t which the  spray mst abatract heat from the f u e l  a t  the  
particular f'uel temperature at which these c r i t i ca l  conditions occur will be 
given by one Crp the equations (5) and (6), and i f  Qc and ihc" are as 
independent of the linear dimension of  the burning surface, then czk be 
expected to  decrease slowly as this dimenaion increases. 

capable of imparting t o  the surface without becoming extinguished. 

cannot continue t o  eds t  above the surface. 

e a similar argument t o  that developed above it  i s  possible t o  p t  
forWard equations giving Yc for a wide range of conditions, indeed f o r  
conditions f o r  which there i s  a known relationship between the  Nusselt number 
f o r  heat transfer f r o m  a gas and other relevant dimensionless groups, e.g. 
the Reynolds, Graahof '  and €?randtl numbers. By these means i t  may be shown 
that above a certain dimension of the surface ?f c will cease to  decrease 
w5th increase in d, and if the  nind is sufficiently strong f C  w i l l  be 
proportional to the square root of the wind velocity and inversely p r o p o ~  
tional t o  the square root of d. 

A certain amouat oP Wonnation i available f o r  the c r i t i c U  value of Q. 
& for flame quenching in channels(3 7 and in flame arrestera(4) it has been . 
found that f o r  stoichiometric hgdrocarbon flames the m a x i m  amount of heat a 
flame can impart t o  a &ace before it is extinguished is 23 per cent of the 
heat of combustion af the fuel, i.6. about 2,500 &go 
out experiments on the circulation of kerosine buZaing on the surface of a 
sphere and here again it was found $at the fire w a s  extinguished when the 
heat transferred to the burning surface by the flame w a s  2,500 cal/g of fuel 
vaporized. 
CooUng d t h  water spray, the only difference being that heat was removed 

Spalding(2) carried 

spalding's experiment i s  analoeus t o  extin&shing a fire 



excess fuel rather than by water spray. 
t ions under which the mnrlnnlm h c t i o n  af the heat of combustion can reach the 
surf'ace of the burning fuel would occur when a stoichiometric udxture burns 
very close t o  the l iquid surface. 
therefore be near t o  the  value corresponding to equilibrium with a st6ichio- 
metrio mixture. 
ture a t  which the surface is in equilibrium with the lower Limit mixture and 
is approrimately e@ to the fire point. 

Using 2,500 cal/g a8 the value far Qc the following values far$meg be 
calculated for fires burmiag under conditions of natrrral conveution. 

It would be expected that the condi- 

The temperature of the d a c e  should 

For kerosine this temperature is 1 5 O C  higher than the tempera- 

Pool or spill fires 0.....(7) 1 

pires on tubes 

m e s  on vert ical  s e a c e s  

dc = 1.2/ao.~5 . . . .. . (8 )  

......( 9 )  

.....(IO) 

e 4.2/1Oa25 i < 100 cm 
= OA f o r  e > 100 cm 

xis  in c 4 a 2 s ;  d, C h a c t e r i d i c  dimension in cm. 

flame w i l l  not be sustained. 
l e s s  than the value required t o  sustain a lower l i m i t  flame a t  i t a  8ppMp- 
r i a t e  burning velocity over the whole surface; 
about 1.5 x I& pfcm2s for fires i n  -carbon liquids. 
experiments on the extraction of heat from laminar propane-air flames(5) 
indicate that a stoichiometric mixture may continue to  burn d o s e  t o  a d a c e  
t o  which it is imparting heat a t  a ra te  simi lar  t o  Qc when the combustion rate 
is  as 1m as  2.6 x id g/cds. 
tenth o f  the ra te  of combustion of pool fires under steady oaaditions; 
imply that yc mey depend on c r i t i c a l  rate of vaporisation when the dimension 
of the fire is greater than 

There is Uttle f n f o m t i o n  on the n d n b u m  value of me b e h  which a 
It might be postulated that %a should be not 

this would give equal t o  
On the other hand 

The above figures for %. are about one- 

cm, for fires burning i n  a natural draught. 

they 

The analysis so far has dealt  only w i t h  burnhg liquid$. Thew are 
W i c u l t i e s  in applying a shdlar a n a l y s i s  t o  wood. The m a i n  difpiculty as 
far as the extinction of flaming combustion i s  concerned is that the heat 

i t i o n  of wood is an endothermic pmcess, i .e.Ap is negative, but Klason -tor 6 
required t o  produce unit mass of volat i les  is not horn .  

Showed that  a s  the ra te  of decomposition increases the process changes from 
being exothermic t o  endothermic. 
decomposition required to  sustain a flame over a wood s-ace, the decompos- 
i t i o n  is indeed him endothermic. 
the analysis would have t o  be m o d i p i e d  t o  take  into account the loss  of' heat 
f r o m  the surface by radiation and the effect of d a c e  temperature on the 
combustion rate. 

"he slow dec 

There is evidence that for the rates of 

For the extinction of glowing combustion 

The above considerations are concerned With the  ra te  a t  which heat must 
be removed from the fuel in order that the fire may be extinguished by cooling 
the fuel. 
properties of the spray and the fuel ;  
referred t o  when experimental results are discussed. 

The abi l i ty  of the spray to remove this heat w t l l  depend on tbe 
this aspect of the problem lrill be 

ibitinctian of the flame 

The criterion of extinction of a flame by heat abstraction inside the 
flame i s  that  the combustion product8 as  they leave the reaction zone should 
not exceed ths temperature they lpoold have for lower limit flames; this 
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temper8ture b about 1580% f o r  a wide range OP flaannable vapours and gases. 
A dearease in temperature approximately t o  th is  value is obtained when extan- 
t ion is  obtained by adding nitrogen, water vapour, carbon d i d d e  o r  inert dusf 
t o  f lames in stoicbiometrio &&urea. 

The amount of heat w h i c h  it is necessary t o  remove from the flame t o  
accomplish t h i s  is the difference in heat of combustion of stoichiametric and 
l o m r  U t  mixtures. For most flammable organic compounds and probably also 
for  the volati les from some common d r y  wods this i s  about 45 p e r  cent of the 
heat of combustion of t h e  fuel. 
expected t h a t  there would be a zone between the fuel and the atmosphere where 
the stoichiometric mixture occur8, the heat which has t o  be removed f r o m  the 
flame as a whole is 45 per cent of the heat of combustion of the fuel. It is 
important, however, that this heat be removed either from the reactants o r  the 
reaction zone. If the heat i s  removed from the combustion products the heat 
removal w i l l  not substantially affect  the  temperature of the products leaving 
the reaction zone. 
differentiate between the  reactants, t h e  reaotion zone and t h e  combustion 
produats. 
moving all the heat of oombustion from the flame, then the flame will be 
extinguished. 

the flame by cooling the fLsme i s  twice as great a s  the heat which an extended 
d a c e  on the  reactant side of the flame may abstract from the flame before 
the flame is extinguished. 
heat release and heat loss  ra tes  f o r  a vi t ia ted flammable 
stoiohiometric flammable mixture c lose  t o  an extended surf% %& t o  
the Intractabi l i ty  of defining the position and properties of the reaction 
zone in a turbulent diffusion flame the approach t o  estimating c r i t i c a l  
conditions f o r  extinction of the flame by water spray has been made on the 
basis of heat transfer taking place witlJm t h e  whole flame. 
volume of the flame, Z the mass ra te  of' burning and H the heat af combustion 
of the fuel, then I, the mean r a t e  of the heat production p e r  u n i t  volume of 
flame, assuming complete combustion of t h e  fue l ,  i s  If the capacity for 
heat transfer of the spray within the flame is  defined as  X, the ra te  of heat 
transfer per unit volume of flame t o  the spray, then three c r i t i c a l  c r i te r ia  
f o r  X may be put forward. 

Since with difpusion flames it would be 

In a turbulent diffusion f h e  it i s  very difficult t o  

Homer,  it would be expected that if  a spray i s  capable r d  

It is  interesting to note that the heat removal required t o  extiaguish 

T h i s  mi&t be explained by a Wferent balance of  

If V is the 

(I) Removal of a l l  the heat i n  the  flame neglecting the production of 
steam a s  a result of beat transfer t o  the spray 

x.1 = I . .. 0 . (11) 

(2) Removal of heat only from the reaction zone and the reactants, but 
a l s o  neglecting steam formation 

X2 = 0.45 I 0. .  .. (12) 

(3) &movd. of heat only from the reaction zone and the reactants, but 
assuming that all. the heat bander f o r  the drops result in steam 
formation. 
flame at  the wet bulb tempera- (about 75%). 
that the steam formed w i l l  contribute t o  the coo-g of t h e  flame 
a W t i t y  (3 per unit mass of steam equal  t o  the whole of the 
sensible heat of steam from 37C-1580ag. 
latent heat of' steam, is 1.23. 

This will o d y  be the case if the drops enter the 
It may be assumed 

The ra t io  a9 6 t o  A , the 
This gives 
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A fourth cri terion q a l s o  be put forward if steam is formed outside 

the flame either a t  the burning surface or a t  surrounding hot bodies. Under 
these conditions the latent beat aF vaporization does not contribute t o  cool- 
ing the flame but the sensible heat of steam up t o  1580% does. If the steam 
is formed at  o r  sufficiently near t o  the burning sureace t o  accompany the 
reactants in to  the flame then the c r i t i ca l  flow rate,  8, of water required 
would be 

.....(I&) 

If the steam i s  fonned well away from the bufning d a c e  and I s  heated by 
the combustion p r c c W t s ,  than W may rise t o  values equal t o  ZK 

The quantity I in equations (11) - (13) is an intensity of combustion 
F 

and depends on the conditions of combustion, particularly the air current in 
which the flame i s  burning. For petrol, kerosine, benzcle am3 alcohol f i r e s  
30 an diameter burnlng under conditions of natural draught, I 
independent of the fue l  or the r a t e  of burning and e@ t o  0.45 t o  0.50 
c d  c~b3s-I ( 9 ) .  

was found to  be 

The entrained air current in a spray not o n l y  affects the intensity af 
combustion but also affects the  critical heat tranafer rate required t o  
extinguish flame. There i s  very l i t t l e  Wormation t o  allow the assessment 
of this factor on e quantitative basis, but an indication of w h a t  might be 
expected mey be obtained from work on the blow out of flame a t  obstacles. 
For example, if the assumption i s  uiade that the fundamental burning velocity 
of the flame decreases in proportion t o  the heat transfer capacity of the 
spray, then on the basis of relationships between the blow out velociity and 
the fundamental burning velocity(10) it msy be expected that 

Where Vm is the velocity of the  entrained aFr current that w i l l  cause a blow 
out when the spray has a flame heat transfer capacitg X , d is a characteris- 
t i c  dimension of the system and a j  and b a r e  constants. 

by cooling the flame and cooling the fuel. 
(14.) that the  c r i t i ca l  heat transfer r a t e  f o r  cooling the flame is greater 
then 20 per cent of the t o t a l  heat of combustion of the fire.  Equation (4) 
and subsequent remarks indicate that for cooling the fue l  the critical heat 
transfer is l ess  than 25 per cent af the mch smaller rate of combustion that 
would OCCUT under c r i t i ca l  conditions. 
f l o w  rates would be expected for extinguishing the f i r e  by cooling the f u e l  
than by cooling the flame. As opposed to  t h i s ,  however, it is feasible that 
Unit mas of water cau, under c r i t i c a l  conditions, be the sink of a much 
greater amount of heat f r o m  the flame (about 1300 cal/g) than it  can from e 
solid OP liquid f u e l  (45 cal /g f o r  kerosine and 750 c d g  for wood). 

It is of interest t o  compare c r i t i c a l  heat transfer rate8 for extinction 
It follows from equations (11) t o  

On t h i i b a s i s  much lower critical 

mmwars ON TI~E EXTINCTI~  OF FIBE 

k order to examine the relevance of the above analyses of extinoticn 
mechanism, experimental investigations have been divided i n t o  two groups 
covering investigations in which there i s  substantiel evidence t h a t  extinotion 
was by cooling the fuel and the flame respectively. For investigations on the 
extinction of fires i n  rooms, however, there has not US- been sufficient 
evidence t o  decide on the mechanism of extinction and these imesti.gations 
w i l l  be dealt d t h  separately. 
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57. 
Coollng the fuel 

been obtained f r o m  experiments with ppol fires that the c r i t i c a l  heat transfer 
r a t e  for  extbct ion of the f i r e  by cooling the fuel is controlled maidly by 
conveotion from the flame t o  the liquid rather than by mi ia t i on  fron the 
flame. T h i s  evidence may be summarised briefly a s  follows: 

Critical flow r a t e  of spray for extinction of pool fires.  mdence  has 

(1) With sprays a t  less than the c r i t i c a l  ra te  a steady fire condition 
could be established with a temperature near t he  liquid surface not 
greatly in excesc. of the f i r e  point, with a flame s ize  very much 
less than the siee of the flame if no spray were applled, and with 
the flame reacbing down t o  the M a c e  of t h e  l iquid(1).  In these 
fiws the predominaat meohanism of heat transfer t o  the fuel 
surface was by convection. 

(2) The effect of scale on the c r i t i c a l  flow r a t e  was a s  nray be expected 
if conveotion controlled the critical heat transfer r a t e  rather 
than radiation. 

The reason for the above phenomenon is that when d a t i o n  is the 
predominant mechanism of heat transfer from the flame t o  the supface, the 
bulk of the heat reaching the surface i s  taken up as latent and sensible heat 
of the vapour leaving the surface and does not manifest i t s e l f  as sensible 
heat in the remakcLng fuel. There i s  thus U t t l e  resistance t o  the cooling 
of the fuel by water spray. The temperature of the surf'ace is also mch 
hiaer than the fire point and t h e  capacity of the water sprey  for taking up 
heat is correspondin@ much greater. 
uish kerosine and transformer oil f i r e s  by cooling the fue l  p l o t t e d  against 
the mass median drop size f o r  f'iws burning in vessels 11, Jo and a 3  cm 
diameter. 
obtained by extrapolating t o  the f i r e  point relationships between the flow 
ra t e  of s p r q  reaching the fuel and the resultiag steady temperature near the 
fuel suppace, for SPWS of different drop size; the s p w  was a p p l i e d  i n  a 
downward direction(I1). 
t ion  took place by cooling from t e s t s  in which no extinction occurred. 
Althoua f o r  both f i r e s  the critical rate was approxbately proportional t o  
the drop s im,  f o r  a given drop size the r a t e  was slightly less for the 33 QO 
diameter f i r e  than f o r  the 11 cm diameter fire. If radiation controlled the 
c r i t i c a l  heat transfer rate,  the crit ical  flow r a t e  for extinction would be 
expected to  be Io0 per cent greater for the Jo can diameter f i re  but if 
convection controlled about I 5  par cent smaller. 
points f o r  tests with horizontal application of spray to  a kerosine fire 
30 cm diemeter and f o r  hand application of spray t o  a f i r e  243 an diameter 

If radiation 
controlled the c r i t i c a l  heat transfer rate, a r a t io  of 2.5 would be expected 
in the critical rate. After taking into account the probable effeot of drop 
size them w a s  i n  f a c t  no difference in the c r i t i c a l  rates. However, the 
&tical ra te  for horizontal application f o r  the Jo an diameter f i r e  was 
about halp that f o r  vertioally downward application. 
this difference i s  that the spray pushed the flame sideways; as a result 
thedrops bid not become heated in the flame and have a greater cooling 
capacity when they reached the liquid. 

which the b d g  surface can "see" all the flame than w i t h  other f i res .  
a s t i o n  from the flanie of the fuel being extin&shed has a a h o r  effect  on 
the c r i t i ca l  rate21 for e x t i n g u i s h i n g  pool fires by CooUg, i t  i s  reasonable 

Fig. 2 shows critical ra tes  t o  exting- 

The curves f o r  the Jo and I1 cm diameter karosiae fires wre 

The curves obtained separate t e s t s  i n  which extinc- 

The Wference between the 

be accounted for by the different drop sizes of the spray. 

A possible reason for 

The effect of radiation i s  l i k e l y  t o  be much greater with pool f ires i n  
Since 

t o  ne$& it for  0th- fires. 

3 



The effect of d r o p  size on the cri t ical  rate fo l lms  from the fact that 
the drops are in  the liquid for only a United time a d  the i r  size I s  a 

factor in  the rate at  which heat is transferred. It would be ~Z%) that ttze heat er from the body of the liquid t o  the drops 
would be proportional t o  D 4 y l i  owever, the transfer d heat from the 
surface of the l iquid t o  the inter ior  would be expected t o  increase as the 
eddy conductivity caused by the turbulent eddies set up bq the motion of tbe 
drops on the liquid; this is estimated t o  increase as D+S. "he aotual 
effect  of drop size resul ts  from a combination of these tno factors. 

The driving force for heat transfer i n  the liquid mey be represented by 
bT, the difference in temperature between the surfaoe of the  liquid uuder 
critid conditions (for pract ical  puxposes the flre point) and the tempera- 
ture d the drops (for  p r a c t i c a l  puzposes ambient tenperature). It would, 
therefore, be expeoted that for a given drop siae the cr i t ical  rate should be 
inversely propor t iona l  toAT. Measurements of c r i t i c a l  rate indicated in 
fig. Z for downward application of spray t o  a transformer o i l  f i re  30 cm 
diameter and hand application of spray t o  a fire 243 cm diameter support this. 

&tinction time for pool fires. As long as  the flow rate of spray is greater 
than the cr i t ica l  value, then extinction will take place in a time which 
depends on the amount of heat present in the burrdmg fuel which must be 
removed by the spray t o  reduce the surface tempemture to  the fire point. 
With most pool fires t h i s  heat content increases as the preburn time 
increases up to about 10-213 minutes but f o r  hot zone foming liquids, e.g. 
h a v g  fuel  oils, tbis heat content may increase Mefinitely. Xxperiments 
(12)(13) on extinction of pool fires using fixed nozzles sited vert ical ly  
above the burning liquid (see plate 4 ) and for hand extinction af an 8 ft 
diameter f i r e  (plate 2 )  gave the fdUawing rehtionships. 

Fixed nozzle 

- . (I 6 )  

Hand application for  8 ft dtameter vessel 

. * . (4 7) 0.85 -0.68 $*39AT-1*67 L4.33 
Fl t ZI 121,600 D 

where D is the mass m e d i a u  drop size of the  spr 
M is the f l o w  rate of sprag 
Y is the preburn the i n  minutes 

b T  is the dif'ference between fire point and ambient 

in m 
gallons f i -L -1  

temperature OC, 
Fl is the total f l o w  to  the f i w  in gsllon/mip. 
L is the t o t a l  number of tests carried out by the operator 
t is the extinction time, sec. 

The influence of drop size ant3 of flow ra te  of spray are as mag be 
expected from considerations af heat transfer between the liquid and the drppa. 
The hf'luence of AT, however, i s  greater than may be expected f r o m  a heat 
traad'er basis alone. A reason for this may be that the highar the value of 
AT the greater was the temperature of the surface of the liquid in excess of 
ICOOC, particularly when app-ation of water s p r a g  commenced, and the  great- 
w a s  the steam formetion in the liquid during the extinction proCes9. 
steam probably accelerated the cooling OP the liquid surface hy stirring the 

This 
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bulk liquid. An increase in the reburn tima increased the xt' c t  
although t o  a lesser extent for & application than f o r  ffke?app*c%&. 
The experience of the operator as expressed by the fac tor  IC in equation (17) 
was a lso  an i q o r t a n t  fac tor  in the extinction of fire by hand appucation. 

Both the equations (16) and (17) presume that the  bulk of the spray 
reaches the  burning liquid. 
the up- thrust of the flames and if the flames could burn vertically 
upwards against the sprqy,  then the extinction time w a s  prolonged. 
connection it  i s  noteworthy that the size of the flames in the  first few 
seconds of application were usually considerably greater than the size before 
application of spray, a s  indicated in plate I. This was  due t o  the  sputtering 
of fuel intdthe flame. However, for t e s t s  on f i ce s  3 f t  and 4 f t  diameter in 
a large roofless st;ructure)the ambient wind was usually sufficient t o  blow the 
flames away from the upright position and the force of the spray was not a 
siCaificant faotor i n  extinction of the f i r e ,  if the spray was much wider 
than the fire. With hand application of spray t o  an 8 f t  diameter fire there 
was no difficulty i n  enabling even fine sprays  of low thrust t o  reach the 
burning liquid, since the f i re  could be approached on the upwind side and 
applied directly to  the base of the flames. A complicating fac tor  i n  a l l  
these t e s t s  was the occurrence of splash f i r e s  w i t h  coarse sprays; 
f u e l  was splashed into the flame by the spray and a vigorous flame maintained 
even though the l iquid was cooled well below the fire point. 
splash f ife was established, the spray were taken away the fire often went 
out. An exsmple of this is shown in plate . 
Fires i n  o i l  running over metal work. When sprays are applled t o  a pool 
fire which has been burnitlg for some time, there is an ini t ia l  upsurge of 
flame and the flames then reduce i n  size gradually w i t &  the extinction time. 
When burning liquids are flowing over a surface the l iquid layer is verg th in  
and the sensible heat in the l iquid which needs t o  be removed is  very small. 
Providing the flow r a t e  of water spray is  near the c r i t i c a l  rate the flames 
are r d W e d  in size almost immeaately after turning on the water spray and 
thereef'ter are reduced in size much more slowly. 
pla te  4 which shows a fire in transformer oil flowing over a test r i g  
consisting a bank of tubes 5 cm dfameter. 
extin&& the fire in a given time depended on the preburn time in this 
case since during the prebufn period the tubes themselves were heated and 
acted as a reservoir of heat during the application of sprw. The effect of 
the temperature of t he  tubes on the r a t e  of' flow required t o  control and 
extinguish the fire is  #ven in  Fig. 3. The relationships i n  Fig. 3 were 
obtained for sprays projected directly domviards from 5 f t  above the point in 
the tube rig w h e r e  oil was wetted (6 in below the top) ,  but t e s t s  in w b i c h  
the sprays were projected Prom a similar distance from the side of the r i g  did 
not give sigpif'icantly different results,  nor was there any difference i f  the 
tube bank was horizontal rather than vertical. 
was found t o  have no significant effect  i n  the range tested (mss median 
0.6 t o  3.0 am); there was evidence, howev 
city increased the efficiency of the s p r a y r t )  and the effect of the drop 
size mey have been lpasked by the f a c t  that the r a t io  d drop s i z e  t o  drop 
velocitg was constant for the sprays referred t o  in Fig. 3 .  The tests 
covered a wide range of ambient wfnd conditions. 
that  the c r i t i ca l  r a t e  for these varying conditions increased as the tempera- 
ture of the tubes increased. 
between m e a  (1) and (3) in Pig. 3. 

Lp the domward thrust of the spray was l e s s  than 

In this 

P 

1 
burning 

If, whea a 

T h i s  i s  i l lus t ra ted  in 

The r a t e  of flow required t o  

The drop size of the spray 

that an increase in drop velo- 

However, Fig.3 indicates 

These Critical ra tes  may be taka as l y l ng  

A large number of t e s t s  have been c d e d  out in the United States in 
w h i c h  water sprey has 
simulating transformers q%fiEf A comparison between the results of these 
t e s t s  ami those carried out on the tube rig in En- has indicated that t o  

ed t o  oil f i r e s  on sheet metal structures 



obtain a given extinction performance under given conditions of nozzle pressure, 
o i l  fire point and preburn time, a mean flow t o  lmit area of the envelope of 
the tube rig on the 
metal simulated transformers was required. squations 8 and 10 indicate that 
the r a t i o s  of c r i t i c a l  heat transfer m t e s  t o  the smface w o u l d  be about 1.8j 
€he 'expected r a t i o  of f l o w  ra tes  t o  the  envelopes of the two rlsks would be 
between 1.8 and 2.8, sf the d m i  velocity cQntrolled the c r i t i ca l  heat 
transfer r a t e  the expected r a t i o  would be greater, It is unlike* that the 
condition for heat transfer t o  the drops in the o i l  would d i f f e r  between the 
oil. Furuzing down tubes and a vertical  surface although i t  would be expected 
that the accessibility of sprey t o  the surfaces would be easiar for a flat 
surf'ace than for a neat of tubes. 
support the  theoretical approach. 

Cr i t ica l  rate for extinction of' a wood fire. B~~TL('~) has measured the crft- 
i c a l  Fste for a wood fire consisting o f  piece8 2 in s~uare section and a to t a l  
surface area of 80 ft2. The minbnm r a t e  a t  which he obtained epctinction w i t h  
water was 0.16 &lons/mbute correspondiag t o  a rate of O . O l g / a k .  
concluded fron other observations that extinction was by c0-g the wcod. 
Under t h e  conditions he used it may be assunsd that the  water was entirely 
vaporised; 
wood &ace. From FPformatlon on the heat of combustion of wood volati le8 
and assuming thet c f i t i ca l  c r i t e r i a  as described above mey be applied t o  
burning wood, i t  may be estimated that 0.8 cal/m-2a would have been trans- 
ferred from the flame t o  the wood M a c e  under c r i t i c a l  conditions. The 
difference between the measured and estimated values might be taken t o  indi- 
cate that a substantial heat t r e n d e r ,  of the order of 800 cal /g,  was re-d 
t o  cause the  evolution of suff'icient vo la t i les  far combustion. 

L 3  tiplaa as great as that t o  the large sheet 

b a d l y ,  however, the comparison does 

this would correnpond to a heat transfer of 0.1 cal/a& a t  the 

D i r e c t  extinction of flame 

To examine the relevance of the the04 developed above it is necessarg 
t o  have an estimate for X, the heat transfer capaci- for the sprays. These 

ec i f ic  heat , viscoslty, t h d  condUcMvity, h 

D drop size, Va drop velocity r e l a t i v e  t o  gas stream; 

h heat transfer coefficieat; 

(3 enthalpy increase per unit mss of wpour between surPace ad. flame 
temperature; 

heat required t o  vaporize uni t  mass of the liquid. 

I~I estimating X it was assumed that the concentration and VeloOitY of the 

Since the surface area of dmps of size D present  per Unit vdume of 
4 

drops in the flame were the same as  in the approaching spray, and t h a t  the 
contribution of the individual fractions of t he  different drop sizes could be 
added. 
space through w h i c h  the h p e  are passing i s  proportiOnal t o  I+@@ 
is the flow rate p e r  unit  area, it follaws from equation 18 that 

x a~ M ~ ~ 4 1 . 5  t o  2.0) -(0.5 t o  1.0) r ... 9 (1 9) 
where I i s  the t o t a l  fzon rate per unit area, D, and Vr are a representative 

60. 
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drop size and drop velociQ. 

The extinction of fire by water spray by extingnishing t he  flame has 

::%88j. Extinction of the flame diPPered from extinction by cooling the 
fuel in  tha t  there was a sudden clearance of a canparatively large volume of 
f l ame which led t o  extinotion. 

d with f i r e s  in kerosine petrol and beneole in a vessel 30 cm diam- 

. 

t 

, 

When the spreg was applied in a dovwpard direction the m e s  of the 
petrol and kerosine fires were not extinguished unless the dawnward thrust of 
the spray was greater than 60 and It0 dynes /~d  respectively. 
t ~ ~ . 8  comparable u i th  the upopsrd force of the flainea before the spray was 
applied. 
8.9 long as the heat transfer capacitg of the  spray nas greater than about 
0.15 cal/cm3s, and as long as the preburn time was not vary short. 
value is intermediate betwe- those expected f r o m  equations 12 and 13, if I 
is taken t o  re fer  t o  the upward moving flames before spray application. 

For a given type of spray the most important factor in the heat transfer 
capacity- is the drop size of the apray (equation 19) and kr the thrust OP the 
spray the rate cif flow per unit  area of the f i re .  
spray is plotted against the c r i t i c a l  r a t e  of flow for extinction at that 
drop size, the above phenomenon of c r i t i c a l  thrust manifests i t s e l f  a s  a flow 
ra te  below wbich the fFre is dFfficult t o  extinguish with sprays of aqy drop 
size. 
way in Fig. 4 for the kerosine and petrol f i r e s ;  
non-extinction are shown f o r  the p e t r o l  fire. 
for the extinction of the kerosine f i r e  by cooling the liquid have been 
iaeluded. Shilar relationships obtained by the author for sp produced 
by kypodermic needles acting on a kerosine firs I1  cm diameterf%, and by 
the National Board of Fire  Undelarriters for sprays aoting on a petrol fire 
15 om diameter(=) have been given elsewhere. The c r i t i o a l  flow r a t e  below 
which extinction was di f f icu l t  m s  smal ler  in both cases thau those shown in 
Fig. 1, for the 30 an diameter fk.es. This may be mainly a t t r i b u t d  to the 
smaller dimension of the fires and t he  resulting smaller upward force of the 
flames, but different conditions of test acd different patterns of spray at 
the f i r e  area also probably played a part. Extinction of the flame has bean 
found t o  be easier if t he  peak concentration of the spray is near o r  even 
outside a e  edee of the vessel, since after a clearance of part  of the flame, 
the rerunants d flame from which a f l a sh  back may occm are a t  the edge(=). 
This phenomenon may account d s o  f o r  co 
extinction 

mese forces 

With sprays of greater downward force the flames were extinguished 

The above 

If the drop size of tbe 

C~Lt ica l  flow ra tes  for extinction of a flame have been plotted h this 
poi i l t s  for extinction and 

For comparison critical flow ra tes  

atively l o w  flow rates for 
P h e  reported by Y. Ya=i33. 

During the t ea t s  the flames were usually w i l d  with frequsnt part- 
c l e w a c e  aad flashbacks. 
preburn time was verg short  (less than I O  seo) and when spram w i t h  hi& 
do& thrust were used, the spray pushed the flame m e d i a t e l g  in to  a 
flat flame close t o  the liquid surface which was very d i f f i cu l t  t o  erting- 
ui&. 
transfer capacity of the spray; a sprey with a d@$m to 0.a csl/a3s, 
gkee thin blue flames near the inside edge of the vessel (plate 5 
a v d u e  of X at' 0.14 cal/cm3s ; a be l t  of yellow flame covered the whole 
vessel. Planes stabilized close to the U @ d  d a c e  were also obtained if 
spray mre applied t o  the surface at an angle less than 300 t o  the horizontal. 
It was estimated that t he  value of I for flames stabilized in t h i s  WW was 
about 2.5 cal/om3a. . 
e w  t o  about 0.5 t o  I caliun3q 
these flames re l iably .  

However, with pe t ro l  and beneole fires when the 

me appearance of the flame depended on the dcp size and heat 

);Mth 

It would, therefore, be expected that a value of X 
w o u l d  have been required t o  d in&& 

'/ 
r, 

3 

I 
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e ession analyses on the extinction time for the kerosine end petrol 
fLm8?8 indicated that for sprays with a given value of X the entwiaed 
a i r  current had a powerful ePfect on the extinctian time. This effeot uas 
much more povmful thaa miat be expected from a relation such aa is given 
i n  equation 15, This may be attr ibuted to two reasona. Xrstlg, t5e entra- 
in& a i r  current helped t o  present the spray to all parts  of the flame; 
associated dth t h i s  reason it also helped the spray penetrate t o  the burning 
lima, cooling the l a t t e r  and tb.18 reduoing t he  size of the flame. Secondly, 
the entrained sir ourrent tended to blow awg the tb idc  vapour zone which nas 
usually established a f t e r  burniag for about 10 seconds end tbns render the 
flames unstable, 

-RON OP FIXES 119 ROOM9 

Testa have been carried out by authorities on the extinction aP solid 
fue l  fiFes in moms. 
more  efficiently controlled by cooling of the f u e l  or by the f o m t i o n  aS 
steam wbich cools the flames. 

It is not yet c l e a r ,  however, whether these fires are 

Ikmgoe(24) has found t h a t  the rate of burning in room f i r e s  is, an the 
average, directly proportional to  the ventilation, and the constant of pwpor- 
t iona l i t s  indicates that the r a t i o  of air to  fuel volati les  is the stoichio- 
metric ratio. When f i r e s  in rooms are attacked w i t h  spreys front an opening 
i n  the wall, then additional air would be entrained into the room comparabb 
with the normal ventilation r a t e  through the opening. 
it may, therefore, be expected that t h e  f i re  is burning with exaess air d e n  
extinction is conrmencerl, The c r i t i c s l  amount of steam required to smother the 
flames muld tken be governed by equatfon(1b). 
equation ll+ that  if steam is obtained by the impact of spI%' on t b  burPfng 
d a c e ,  the critical flow rate of water to.form sufficient steam t o  exth- 
the flames is I O  t o  15 times greater than that found by ~ryan(17) t o  be 
necesssrg t o  extinguish a wood fire by cooling, However ,  conditions in 
practical fire fighting may a t i l l  frequently be such that steam eXtiaokiosa 
would require the use of a smaller t o t a l  quantity af water, 

From the int r insic  nature of extinction of the flame by steam and SZtiac- 
t i o n  by cooling the fuel,  the quali tative effect  of various factors on the 
efficiency ~f control ( L e .  critical f low  rate and quanti* of water mq-) 
may be deduced. These effects are compared in Table 1. 

Under these conditions 

It lcey be estimsted Using 

1 
i 

1 
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Table 1 

Effect of various factors  on control of room fires 
by cooUng and by steam forntation 

Factor ! Cooling t h e  fuel j Steam formation 

1 
1. Increase in p r e b ~ r n  ; C r i t i c a l  f l o w  rate increased j NO effect 

lapprojdmateu in proportion j 
1 t o  p m b m  time. 

time I somewhat. Q U a n t i t g  increased 

I 
2. Decrease in ease OS 1 

access of water sprey jeuantitg increased 
t o  burning surfaces. 1 

I 

No substantial  
I 

3. Increase in the / C r i t i c a l  S l o w  rate increased I No substantial 
fraction of incombus-;  (due to  radiant heat fall ing €@Sect if inconburr 
t i b l e  d a c e  present; onto burning surfaces). 1 t i b l e  surfaces are 
to ta l  area of combus-i I hot. 
t ibles  renuxining the 1 

1 SBIPB. 

4. Increase in ' No effect 
ventFLation 

' Crft ical  f l o w  rate 

i iacreased. 
! 
I 5. Linear dimension d Crit ical  ra te  coportional Critical rate 

t o  d s 
Available t e s t  results have been sllllmaarised by Hird e t  but owing 

t o  the lack OS a Bystematio investigation of the above factors, at least  on 
the full scale, it is not possible t o  give a firn opinion oa the extinction 
mechanism. *$? mounts of water used t o  control the fires varied from 2 t o  
15 gallons/lwO ft3. 
series of' t e s t s  in which sprays of varying pressures from 80 t o  500 1b/in2 
and with flow ra tes  from 5 to  25 gallons/minute were used against a standard 
fUly developed fire in a room of volume 1750 ft3. 
in plate  7. The quantity of water required t o  control and extinguish the fire 
was 7 and 17 gallons respectively, and w i t h i n  the variance of the results, 
was independent of the pressure, the f l o w  rate and whether j e t s  o r  sprays w e r e  
used. 

The above workers also canled out a comprehensive 

The t e s t s  are i l lus t ra ted  

USE OF WBTER SPRAYS IN F'RACKCAL FIRE FIGHTING 

The following broad principles may be put folaard on the basis of the 
exparimental mrk carried out at  the Joint Fire Research 0rganil;ation and 
elsewhere. 

(1) 
made t o  reach and cool the burning fuel. 
absorb heat i n  doing this i s  gene- far less than the rate of production 
of heat by the fire. Experimental results are available dving Wormation 
on &ti& ra tes  for a few systems. On the basis of equations 7 t o  10 or 
other relationships developed in m a r  nnumer, it 

In general the best way of putting a fFre out is that sprag should be 
The r a t e  a t  which the spray need 

possible t o  extrapolate 



these results t o  other systems a s  long as heat t rmsfer  between the spray drops 
and the b e l  behaves i n  a similar way. 
of equations 7 to 10 is that; crit ical flow r a t e s  per unit area for a given tspe 
of system should not increase as the scale increases; 
they may i n  fac t  decrease, 

(2) If sprays are appued downwards to a fire with a flame moving steadily 
upwanis then for the bulk o f  tba water t o  reach the burning fuel the dommard 
thrust of the spray should be comparable t o  the upward +&%st of the flame. 
These two thrusts may be calculated as indicated in the paper. 
are applied la teral ly  or by hand from the w i n d w e d  side of a f i r e ,  a mch small- 
er t h n m t  is  necess8PQ. 

Perhaps the most bqJortant consequence 

under some conditions 

If the 

(3) Water sprays in current use are unreliable ia extinguishing a fire.that 
cannot be extinguished by cooling the h e l .  However, extinction may f r e p a t -  
ly be obtained with available fire sprays produced by pressure nozzles. ( ~ S S  
median dmp size 0.2 - 0.4 m) particularly if there i s  no change to stable 
burning in the air current of the  spray. men extinction is not obtained, a 
large reduction ia the s ize  o f  flame may be achieved. 

(4) For most of the fires f o r  which water sprays am useful, e.& fires in 
sol ids  and f i r e s  in high boi l ing  liquids flowing over solid surfaces, the drop 
size of the sprey i s  not usually an important practical  factor. 
fires i n  deep pools of hi& boiling Uquids t h e  efficiency of the spray 
increases as the drop size i s  reduced. 

( 5 )  The pressure a t  a nozzle M u e n c e s  a number af factors tht affect the 
extinction of f ire.  However, where sprays may be rel iably  used for extinction 
of fire, an increase in pressure about 100 lb/in2 with a given f lop  rate of 
sprag has not been found t o  confer aag extra efficiency on the spray provid- 
ing that the water can rea& the seat aS the fire. 
for a pump, therefore, depends rather on operational factors,  in part icular  
the length and diameter of hose line and the flow ra te  which it is desired t o  
give the operator,  than on int r insic  efficiency of' the spray i n  fighting the 
fire- It should be added here that an increase i n  flow ra te ,  or a de e se 
in cone = d e ,  has a greater effect  on increasing the throw of a spJ22,27) 
than an increase in pressure, and that an increase i n  pressure has a SmaLZer 
effect on reducing the drop size of a spr  
100 lb/in2 than when it is below 100 l b / a .  

Howaver, for 

The choice of pressure 

when the pressure is above 

Fiaally, it is instructive t o  compare quantities of water which have 
been found necessary t o  extinguish experimental fires with those actuallg 
used in practical  f i r e  fi@ing, For f5rea in rooms it has been found 
experirnenta.Uy that a b u t  IO e o n s  per 100 f t 2  af f l a r a r e a  is required and, 
according t o  the d r o p  size of the  spray, from 5 t o  15 gallons may be used t o  
extin@& a gas 0 

provided by Xobius@d the ' ' 

davelo ed room fires under o p e r a t i d  conditions is about 100 gallons. 
Thomasb) made an analysis of the amount of water used at larg fires based 
on t h e  number o f  pumps called t o  the f i re .  It meg be estimated f r o m  this 
a n a l y s i s  that for large fires approximately IO00 gallons of water i s  used for 
Io0 f t 2  of the fire. %%us, ei ther  wastage or operational d i f f icu l t ies  in 
applying water to  fires is by far the most important factor governlag the 
amount cf water used, and this would appear t o  be a direction where a 
substantial research effort i s  worthwhile. 

001 fire of the same size, According t o  infarmation 
quanti* of water t o  extinguish fully 

I 
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APPENDIX 

THBzisp OF FLUES AND SWAYS 

Thrust of flames 

A complete analysis of the movenent of flame has not yet been made, but 
as  this movement i s  controlled by the buoymcy of the flame, it would be 
expected that the upward thrust would be proportional to  the flame height 
Analysis of byoyant columns r i s ing  from small heat sources indicste(30,3qj 
that the thrust a t  the centre clp the column i s  given by 

. .-(a) 
where p 
is the dgnsity of the ambient air. 

i s  the density of the  column a t  a point a above the source and 

In Fig. 5 some calculated thrusts based o measurements of the upward 
velocity of flames and the flame temperature(9 P are p l o t t e d  against the 
buoyancy head (f; $)9 X for fires in different l iquids burning i n  a vessel 
30 cm diameter; $is the densits of the flame and x the height of the point 
in the flame for w h i c h  the thrust was estimated. The vdoci ty  measurements 
were made by ovserving the upward motion of the top of the flame and eddies a t  
the side of the flame as recorded by a cine camera; the calculation of the 
thrust was made for  the mean time o f  burning and the mean height of the flame 
a t  which measurements were made. 
mean temperature across the flame a s  measured by the Schmidt method. 
straight l ine  relation (equation 21 ) obtained 

The tamperatme on whichf5was based was a 
The 

. * * , .( 21 ) 

conf'ims the proportionality expected and indicates that thrust i s  independent 
of the nature of  the burning fuel, 
than would be expected f r o m  equation (20). 

The constant, however, is considerably less  

On the basis of equation (21) it is possible to calculate the upward 

burning and the main dimension of the fuel layer 
thrust of the flame knowing the flame heights. 
by Thomas t o  the rat o 

The l a t t e r  has been related 

f o r  so l id  fue l  fires 7 5  32 . 
Thrust of a spray 

A spray a f te r  leaving a nozzle very soon becomes a suspension of' drops 
moving i n  an air stream. 
momentum from the drops and is  of importance in determining the velocity of 
the drops and the motion of the spray a s  a whole. The total S o d  thrust 
of a spray may be measured by the reaction a t  the nozzle, 

The air st resm i s  generated by the transfer of 

Measurermnts of 
ed air current of' sprays directed do- from a number of 
have shorn that f o r  sprays of mass median drop size less  than 

1.0 mm the bulk of the thrust  i s  transf'erred into momentum of the airstream 
by the time the sprag ims reached a plane 6 f t  below the nozzle; most of the 
remaining thrust may be accounted for & momentum of the drops moving a t  the 
velocity of the air stream. 
1.5-3.5m) about 50 per cent of the init ial  thrust  i s  converted into momentum 
of' the air current. 

a t  the nozzle, both these fac tors  being proportional t o  the square root of the 
pressure. The reaction of  a spray nozzle, however, i s  less  than the product 
mentioned abme due mainly t o  the  presence o f ' a t e r d  motion in the s p ~ .  
Fig. 6 shows the ratios of  the reaction of a nGber of  spr nozzles t o  that 
of corre ondin oerfect jets and indicates the extent to  %ch the reaction 
i s  reduc3  as t%eA cone angle increases and as the spray pattern becomes less  

For very coarse sprays (mass m e d i a n  dropssize 

The reaction of a j e t  i s  the product of the flow rate  and the velocitp 



67. 
peaked in the centre. Knowing the reaction a t  the nozzle, an approximate 
e s t b t e  af the meen forward thrust in a plane i s  given by B/A where A is  the 
cross-sectional area of the sprcy in the plane, and if the assumption i s  also 
made t h a t  the t h s t  has been entirely converted into movement of the entrdned 
a i r  stream than the air velocity I:, may be given by:- 

. . * * * (22) 

where is a constant depending on the nozzle 3 i s  the nozzle pressure 
F is the flow r a t e  

Equation (22) gives, of course, a mean value of Va. There i s  evidence, 
however, that the distribution of entrainad air velocity in a plane  perpendic- 
ular to  ths spray a x i s ,  when both ent&ai.ned air velocity EXXI distance fran 
the axis  are expressed in dimensionless terms, i s  appr0d.mateI.y independent of 
the distribution of flow ra te  within the spray. 
of the entrained aFr veloci- is  M a r  to  the distribution found in a turbu- 
lent air jet. 
identical distribution of the entrained air for tvro sprays with d d e l y  d i f f e r  
ent spray pattarn. 
radii where the entrained air velocity and w a t e r  f l o w  rate were respectively 
1/IW of the values in the centre of the sprey. 

equation L?, that for a given part of the spray 

I n  addition the distribution 

These points are i l lus t ra ted  in Fig. 7 which shows an almost 

The radius of' the spray referred t o  i n  t h i s  figure were 

For sprays with a dailar pattern over a given area it follows from 
< >  
J 

where M i s  the loca l  flow r a t e  per unit area. A relation s b L L a r  t o  this 
has been found t o  hold for a wide range of values of P and M o r  spreys 
projected domward from a battery of impinging j e t  noziles(2d. 
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constants 
Specifio beat in gaa bo- h y e r  

Lirrear dimension 
Acceleration due to gravity 
Heat transfer coefficient 
marmal corzductivity 
Lirraar dimePsion 
Concentration at' oxygen i n  the a i r  
Rate af burzling p e r  unit asea par unit  time 
Stoi-tric ratio (weight OS airheight 
Time 
velocity of entrained air ,  of spray drops, a d  veloaity 

Upward velocity in flame, L, buoyant hot column. 
Height d flame 
HeipPt of buoyant colonm. 
Cross sectional area of spw. 
Transfer number (af ter  spalar~g)  
Drop siae. 
T o t a l  flow rate of spray 
Heat o f  combustion 
Intensity of combustion i n  flame 
T o t a l  flow ra te  of sprey per  d t  m a ,  flow rate of  drop8 

Humber of t e s t s  carried out by oparatar. 
Presswre to produce spreg with pressnre n o s d ~ s .  
Heat transfer to f'wl surPace per unit maas of fuel 

Beaction of' nozzle. 
Cas temperature, d a c e  temperature. 
Difference in temperature between fire point end ambient. 
Voluwt of flame 
Critical f l o w  ra te  of water t o  extinguish flsme by 

critical values af x. 
Heat transfer t o  spray witbin unit vobaa of flama ~IL 
unit time. 
Preburn time 

fuel) 

to  blow out flame, 

Axe D. 

vaporised, critical value of Q. 

steam f o m a t i o n .  

Sate of fuel C O n S ~ t i o n  i n  pire. 
T h d  difftrdvLQr 
Sensible heat of steam o r  vapour. 
Heat taken up as sensible heat fn fuel per  unit area of 

Heat required t o  vaporize unit massAliquidiof' fuel. 

Densitg in boundary layer, in flame, ambient &,in 

ci 
surfaoe per unit time, 

viscosi+q in boundary ltgn3r. 

Thrust of spray 
c r i t i c a l  value a€+ r 
buoyant col\mn?. 
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BEFORE SPRAY 
APPLICATION 

6 s  8 s  

EXTINCTION.OF FIRE IN TRANSFORMER OIL BY 
DOWNWARD APPLICATION OF SPRAY FROM FIXED 

NOZZLE (EXTINCTION TIME 8 - 8  8 )  

PLATE 1 

75 * 
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BEFORE SPRAY APPLICATION 

FlRE UNDER CONTROL 

EXTINCTION AT NEARSIDE OF 
A RIM 

4 

1 JUST BEFORE EXTINCTION 

1 
EXTINCTION OF FIRE IN HEAVY FUEL OIL BY 

SPRAY HAND APPLICATION OF WATER SPRAY. 
FLOW RATE 1.4 GAL/MIN. 

PLATE 2 



BEFORE APPLICATION OF SPRAY 

SPLASH FIRE DURING APPLICATION 
OF SPRAY 

1 SECOND AFTER REMOVAL OF 
SPRAY 

SPLASH FIRE CAUSED BY THE ACTION OF A COARSE 
SPRAY ON BURNING DIESEL OIL 

PLATE 3 
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APPLICATION 

30 8 

CONTROL OF FIRE IN TRANSFORMER 
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STABLE FLAME CAUSED BY ACTION O F  F I N E  

0 .28  mm.  FLOW RATE 1.6g cm-2 min-1 
SPRAY ON PETROL FIRE.  DROP SIZE OF S P I W Y  

PLATE 5 

STABLE FLAME CAUSED BY ACTION O F  S P R A Y  
ON PETROL FIRE.  
0.28 mm.  FLOW RATE 1.6g cm-2 min-1 

DROP SIZE O F  S P M Y  

PLATE 6 
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Improving the Effec t iveness  of Water f o r  F i r e  F ight ing  

C. S. Grove, Jr. and A. E..Bidun 

Syracuse University,  Syracuse 10, New York 

INTRODUCTION 

F i r e  is of g rea t  b e n e f i t  t o  mankind. It furn ishes  the  h e a t  fo r  h i s  cooking and 
fo r  warmth of h i s  she l t e r s .  
Some form o f  combustion process,  t h a t  i s  f i r e ,  provided the  major source of energy 
fo r  h i s  power. 

u n t i l  the r e l a t i v e l y  r ecen t  advent of nuclear power, 

However, along wfth i t s  tremendous value, f i r e  has a l s o  proved a t e r r i b l e  enemy 
of mankind. 
uncontrolled f i r e s  i n  the  c i v i l i z e d  world, as w e l l  as i n  areas where c i v i l i z a t i o n  
has progressed more slowly. 

Few people need t o  be convinced of the heavy annual waste r e s u l t i n g  from 

Uncontrolled f i r e s  have caused f r igh ten ing  physical,  mental and f inanc ia l  l o s ses  
t o  loca l  communities. For example, from 1948 to  1952, t h e  average annual f i r e  l o s s  
according t o  the National F i r e  Pro tec t ion  Association i n  the  United States amounted 
to  $814,957,000. Even t h i s  f i gu re  cannot poss ib ly  take i n t o  account the l o s t  l ives ,  
the destroyed businesses and the d i s rup t ion  of  production. 

This paper d iscusses  a new method to  he lp  mi t iga t e  t h i s  t e r r i b l e  t o l l  of f i r e  
waste. Idea l ly ,  the b e s t  way t o  combat the problem of f i r e s  i s  t o  prevent them. 
Unfortunately, t h i s  approach appears t o  be one of the  most d i f f i c u l t  t o  implement. 
Another way t o  combat t h i s  problem i s  t o  increase  the  r a p i d i t y  w i t h  which f i r e  
extinguishing agents function. 

Research s c i e n t i s t s  i n  f i r e  f igh t ing  a re  cons tan t ly  working toward this goal. 
I f  an improved ex t inguish ing  agent can be developed, the  f i r e  l o s s  can be decreased. 
S c i e n t i s t s  a t  Syracuse Univers i tp  have been working toward such a goal for the p a s t  
fourteen years. From 1947 to  1957, the primary concern was with methods t o  increase  
the e f f ec t iveness  o f - f i r e  f igh t ing  foams. During the  p a s t  four years, these 
researches  have been concentrated on methods t o  improve the f i r e  f igh t ing  character-  
i s t i c s  of water. 

The o r i g i n a l  f i r e  research  conducted a t  Syracuse Univers i ty  d e a l t  with f i r e  
f igh t ing  foams. 
formulations, foam genera t ion  techniques and foam ext inguish ing  systems. These 
s tud ie s  were l a rge ly  c a r r i e d  o u t  under the auspices of t he  Navy and Army. 
experimental work was p a r t i a l l y  respons ib le  f o r  t he  development of the high 
expansion foam used t o  envelop an a i r c r a f t  c r a sh  f i r e .  
d i s a s t e r s  are f o r  covering a runway fo r  a "be l ly  landing", blanketing a gasoline 
s p i l l a g e  t o  prevent f i r e s  f rom s t a r t i n g ,  and even fo r  calming wave ac t ion  i n  sea 
rescue operations.  
on these uses, while the government f a c i l i t i e s  were concent ra t ing  on per t inen t  
applications.  Foams a r e  probably the bes t  methods a v a i l a b l e  f o r  extinguishing 
Class B f f r e s .  

The major ob jec t ives  during t h i s  work were t o  develop b e t t e r  foam 

Early 

Other uses of foam i n  a i r  

Syracuse University conducted much of  the  fundamental research  
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During this work t h e r e  w a s  a l s o  some experimentation vfth t h e  extinguishment of 
Class A f i r e s  which a re  normally a t tacked  by water. The s t u d i e s  on foams led  t o  the 
b e l i e f  t h a t  some of  t h e i r  ou ts tanding  qua l i t i e s ,  such as blanket ing  a b i l i t y  and hi& 
viscos i ty ,  might be obta inable  i n  water through the use: of certain additives.  The 
present  study was  thus i n i t i a t e d  t o  determine whether a d d i t i v e s  improve the f i r e  
f igh t ing  c h a r a c t e r i s t i c s  of  water, 'and i f  so, which formulation is most ef fec t ive .  

Water i n  i t s  n a t u r a l  state has been used t o  ex t inguish  f i r e s  f o r  many centuries.  
It h a s  three grea t  advantages because of i ts cooling proper t ies ,  lw cos t  and almost 
un ive r sa l  a v a i l a b i l i t y .  
S t a t e s  and o ther  p a r t s  of the world, these  t h r e e  qualities were s u f f i c i e n t  t o  o f f s e t  
some of the l imi t a t ions  o f  water as a f i r e  f i g h t i n g  agent. 
c i t y  fire is  feared not  only because of the damage i n f l i c t e d  t o  one bui ld ing  bu t  a l so  
because of the p o s s i b i l i t y  of damage t o  a great area, these  l i m i t a t i o n s  c a n n o t  be 
completely neglected. 
explosion, t he  supply of water may be extremely limited i n  some areas. 

Before the great t rend  tovard urbaniza t ion  i n  the United 

Hovever, today when a 

There i s  a l s o  a further danger that w i t h  t he  cur ren t  population 

The limitations of water are essentially three  fold. First, because of its low 

Secondly, water ' s  continued blanketing a b i l i t y  
v iscos i ty ,  water forms a t h i n  f i l m  which rap id ly  runs o f f  the burning structure. 
This may allow the f i r e  t o  reignite. 
is  limited. I f  the r a d i a n t  
energy of the  f i r e  can be  separa ted  from the source of fue l ,  m e  rap id  extinguish- 
ment of the flame i s  possible.  
adjacent buildings w i l l  he lp  to prevent the spread of the f i r e .  

Third,  water has  reLat ive ly  poor r e f l e c t i v e  powers. 

The r e f l e c t i o n  of  the r a d i a n t  energy away from the  

ExpwMENTdIPRpRocEDuRe 

The approach t o  this problem has  been t o  prepare so lu t ions  of  var ious  addi t ives  
and water and to test these new so lu t ions  f o r  f i r e  f i g h t i n g  e f fec t iveness .  
the experimentation has been w i t h  two major groups o f  addi t ives :  
and opac i f i e r  additives.  
the  i n i t i a l  spreading o f  t he  v iscous  water. V i s c o s i t y  add i t ives  are u t i l i z e d  to 
improve the blanketing and run-off p rope r t i e s  of water. 
employed to r e f l e c t  radiant energy avay from t h e  burning and/or adjoining s t ruc -  
tu res .  

Basically, 
v i s c o s i t y  add i t ives  

Detergents have been used i n  l imi ted  emaunts t o  improve 

The o p a c i f i e r  a d d i t i v e s  are 

Work t o  da t e  has  been pr imar i ly  d i r ec t ed  toward the eva lua t ion  of v i s c o s i t y  
add i t ives  and these add i t ives  have genera l ly  been the most e f f ec t ive .  
experience wi th  opac i f i e r s  has a l s o  been accumulated. 
from many major  manufacturers of  v i scos i ty ,  opac i f i e r  and de tergent  addi t ives .  
Essent ia l ly ,  the  b a s i c  approach is to  screen these add i t ives  i n  the labora tory  and 
then t e s t  t he  more promising ones on small and l a rge  scale f i r e s .  . 

However, 
Samples have been received 

The v iscos i ty  addi t ives ,  are t e s t ed  on a run-off simulator apparatus (ROSA) 
which vas designed and b u i l t  i n  the  Syracuse University labora tor ies .  This apparama 
w a s  designed to  simulate the a c t u a l  run-off p rope r t i e s  of the  f i r e  f igh t ing  solution- 
It measures the f l u i d  f i l m  t ime,  temperature drop, and volume of the l i q u i d  
evaporated. 

The more promising a d d i t i v e s  are subjec ted  to  a small scale f i r e  test. AlL 
small sca le  f i r e  tests are conducted in a s m a l l  laboratory b u i l t  express ly  f o r  t h i s  
purpose. 
in a cont ro l led  environment. Such va r i ab le s  as r a i n ,  snow and wind ve loc i ty  do not 
a f f e c t  the t e s t  condi t ions  (7). 
conducted i n  an enclosed f i r e  room. 
is approximately 13' x 12' x 12' and which is  constructed of  galvanized shee t  metal. 
A window has  been i n s e r t e d  on one s ide  of the enclosure so t h a t  the performance of the 
so lu t ion  as it i s  sprayed on the burning sur face  can be  observed. 

The test si te i t s e l f  i s  constructed such t h a t  the  tests can b e  conducted 

Both the small and l a rge  scale f i r e  t e s t s  are 
This room cons i s t s  of a But le r  bu i ld ing  which 

Enhaust f a c i l i t i e s  
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have been provided t o  permit adequate c o n t r o l  of v e n t i l a t i o n  o r  d r a f t .  

The f u e l  genera l ly  used f o r  both la rge  and s m a l l  sca le  f i r e s  i s  Cal i forn ia  clear 
pine which has been presoaked i n  kerosene, f o r  approximately 30 seconds. 
small s c a l e  t e s t s ,  e i g h t  p ieces  of the  wood, 1" x 3" x lo", a r e  arranged i n  two tiers. 
A s i n g l e  nozzle ( F u l l j e t  1/8 Gc8, manufacturered by Spraying Systems Company) is  
located a t  the he ight  of 6 f e e t  above the f i r e .  
allowed to  burn four minutes before  extinguishment i s  s ta r ted .  
thermocouples and a radiometer, i t  has been found t h a t  almost a l l  of  the t e s t  f i r e s  
reach t h e i r  m a x i m u m  i n t e n s i t y  a t  t h i s  time i n t e r v a l .  
v i s c o s i t y  on extinguishment, a uniform preburn t i m e  of four minutes was used. 
small s c a l e  f i r e  tes t ,  the sample s o l u t i o n  w a s  sprayed on the  burning s t r u c t u r e  a t  a 
r a t e  of 1.G.P.M. 

For the 

The wood i s  i g n i t e d  and the f i r e  i s  
Through use of 

In studying t h e  e f f e c t  of 
On the  

After  the var ious s o l u t i o n s  of a d d i t i v e s  are t e s t e d  on the  small s c a l e  f i r e s ,  t h e  
surviving promising ones are f u r t h e r  t e s t e d  on l a r g e r  scale f i r e s .  In this test the 
wood, which i s  2" x 4", i s  arranged i n  three  tiers. The f i r s t  tier i s  comprised of 
13 pieces  each 36" long spaced one inch apar t .  The second tier i s  comprised of 1 2  
pieces  each 35" long, and the top tier c o n s i s t s  of 12 pieces  each 34" long. This 
i s  shown i n  Figure 1. Thus, a type o f  t runcated pyramid s t r u c t u r e  i s  obtained. Only 
the wood i n  the f i r s t  t ier  i s  presoaked i n  kerosene. I n  this test ,  four nozzles 
( F u l l j e t  1/4 GG nozzles, manufactured by.Spraying Systems Company) are used f o r  
ext inguishing the f i r e .  The nozzles  are equal ly  spaced a t  a d i s tance  of 1 . 4  ft., 
from t h e  center  of  t h e  f i r e  c r ib ,  and approximately 12  f t . ,  above t h e  wood arrangement. 
I n  the la rger  sca le  f i r e  tests, var ied  preburn times are used but  the sample s o l u t i o n  
i s  sprayed on the  burning s t r u c t u r e  a t  a ra te  of  3 . 6  G.P.M., 19 p s i .  

After  ign i t ion ,  the i n t e n s i t y  of  the l a r g e  scale f ire cont inua l ly  increases  u n t i l  
i t  reaches a maximum a f t e r  about th ree  minutes. (Figures 2 and 3). The preburn t i m e s  
f o r  the large scale f i r e  tests are var ied  i n  order  t o  permit thorough ana lys i s  of  the  
e f f e c t s  of var ious a d d i t i v e s  on extinguishment. 
l a r g e r  sca le  f i r e  and the r e s u l t s  are compared with corresponding data obtained using 
water alone. 

Each formulation is  t e s t e d  on t h e  

Recent work h a s  been concentrated on t r a n s f e r r i n g  the  optimum formulation 
r e s u l t s  from the labora tory  t o  f i e l d  f i r e  tests. In these e f f o r t s ,  l o c a l  county 
f i r e  departments have cooperated. 
i n  cooperation with the  Navy F i r e  School a t  Norfolk, Vi rg in ia  on c r i b s  of seasoned 
2" x 4" pine wood, measuring approximately 8 f e e t  on a s i d e  and 4 f e e t  i n  height .  

Severa l  series of  f i e l d  f i r e  t e s t s  have been run  

In addi t ion  t o  these r e l a t i v e l y  c o n t r o l l e d  tests, c l o s e  l i a i s o n  h a s  been 
main ta ined  with the  U. S. Department of  Agricul ture ,  Fores t  Service, Divis ion of 
Fores t  F i r e  Research, Berkeley, Cal i forn ia .  Hr. Carl C. Wilson; Chief of  the Division, 
and assoc ia tes  ran .opera t iona1  s t u d i e s  i n  t h e  summer of 1960 and are running 
a d d i t i o n a l  opera t iona l  s t u d i e s  a t  t h i s  t i m e  u t i l i z i n g  viscous water on some of the 
tank f i r e  t rucks f o r  f i g h t i n g  f o r e s t  f i r e s .  

RESULTS AND DISCUSSION 

s t u d i e s  to  d a t e  have y ie lded  some q u i t e  s i g n i f i c a n t  r e s u l t s .  A number of 
v i s c o s i t y  increasing a d d i t i v e s  have been found which improve the  e f fec t iveness  of  
water as a f i r e  f i g h t i n g  agent. Some a d d i t i v e s  are more e f f e c t i v e  than others. 
Opacif iers  have been shown to decrease the  r a d i a n t  energy t ransfer .  
on opaci f icers  h a s  been delayed s i n c e  over 75% of the  t o t a l  improvement was a t t r i b u t -  
ab le  t o  increased v iscos i ty .  Viscous water without  o p a c i f i e r s  o f f e r s  less a t tendant  
s torage  problems. 

Further  study , 
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(a) I n i t i a l  Control: One of the b p o r t a n t  f ac to r s  in f igh t ing  Class A f i r e s  
i s  the "knock-down" or  i n i t i a l  cont ro l .  This is a very d i f f i c u l t  parameter t o  measwe 
quan t i t a t ive ly  due t o  the  d i f fe rences  i n  f i r e  f igh t ing  personnel and procedures. 
However, experience i n  the  labora tory  f i r e  tests (Figure 4) and in  the f i e l d  f i r e  tests 
has shown t h a t  viscous water "knocks dawn" the f i r e  much more r ap id ly  than p l a i n  water. 
The f i r e  f igh te r s  can advance up to  or i n t o  the s t r u c t u r e  f o r  r ap id  con t ro l  and later 
f o r  f i n a l  "clean-upr1. 
f i r e  damage and i n  some cases, preserves l i f e .  

run by the Los Aageles C i ty  and County F i r e  Departments a t  the  Van Nuys, Ca l i fo rn ia  
Airport .  "A previously exposed bui ld ing  w a s  i gn i t ed  and one room allowed t o  become 
completely involved. The f i r e  was then knocked down i n  15 t o  20 seconds w i t h  viscous 
water a t  an appl ica t ion  r a t e  o f  30-40 G.P.M. The demonstation was repeated severa l  
times. 
and about ha l f  of t h e  roof had caved in. A t  t h i s  po in t  one of the Los Bngeles City 
Mountain Bat ta l ion  C r e w s  attempted t o  ex t inguish  it. 
capac i ty  of about 35 G.P.M. 
of the  firemen received minor burns. The viscous water crew next took over with 
about the  same app l i ca t ion  r a t e  and were able  t o  knock the  f i r e  dova and br ing  i t  
under con t ro l  i n  about four minutes". 

Small f i r e  t e s t s  were conducted on c r i b s  cons is t ing  
of e i g h t  pieces (1" x 3" x 10") of Ca l i fo rn ia  clear p ine  arranged i n  two tiers, four 
p ieces  i n  each t i e r ,  with one inch  spacing. The viscous water w a s  appl ied  a t  a r a t e  
of one G.P.M. a f t e r  a preburn time of four minutes. 
as the  v i s c o s i t y  is increased. Figure 5 i l l u s t r a t e s  t h i s  e f f e c t  by two d i f f e r e n t  
v i s c o s i t y  additives,  Monsanto DX-840-91 and bentoni te  clay, Volclay ( 2 ) .  Volclay 
reaches i t s  peak of e f f ec t iveness  a t  a v i s c o s i t y  of f i v e  cent ipoises ,  while Monsanto 
DX-840-91 reaches i t s  peak a t  t e n  cent ipoises .  
f u l l y  exp lainab le. 

As a fu r the r  advantage, more r a p i d  i n i t i a l  con t ro l  means l e s s  

A r a t h e r  v iv id  i l l u s t r a t i o n  of t h i s  phenomenon was reported (1) from some tests 

Fina l ly ,  the bui ld ing  was allowed t o  burn l i n t i l  i t  w a s  completely involved 

They used a s m a l l  pumper with a 
They made l i t t l e ,  i f  any, progress and gave up a f t e r  O M  

(b) Extinguishment Time: 

The extinguishment time decreases 

The reason for  t h i s  d i f f e rence  i s  not 

Larger s ca l e  f i r e  t e s t s  were run as previously &scribed. The results (3) of a 
series of t e s t s  comparing extinguishment time f o r  water and fo r  viscous water, obtained 
from the addi t ion  o f  Dou ET-460-4 are shown i n  Figure 6. Cer ta in  uncontrollable 
var iab les ,  such a s  the  chemical and phys ica l  p rope r t i e s  of the wood and the d i f f i c u l t y  
of ob ta in ing  a pe r fec t ly  reproducible test f i r e ,  cause a s c a t t e r i n g  of  the data. 
Hawever, i t  can b e  c l e a r l y  seen that the use of viscous water gFves a marked reduction 
i n  extinguishment t i m e  when p l o t t e d  as a funct ion  of minutes of preburn t i m e .  
example, a t  a preburn t i m e  of four  minutes, water took about 8 minutes f o r  complete 
extinguishment, while viscous water (5.5 cp.) averaged about 1 1 /2  minutes. With 
water, t h e  wood collapsed dur ing  extinguishment fo r  a preburn t i m e  of f i v e  t o  six 
minutes. 
was poss ib l e  to obta in  preburn times of as much as nine minutes, w i t h  no wood collapse. 
Other add i t ives  for increas ing  v i scos i ty ,  e.g. sodium a lg ina tes ,  were t e s t e d  w i t h  
r e s u l t s  of the same genera l  magnitude. 

For 

On the other hand wi th  viscous water, extinguishment w a s  so r ap id  t h a t  it 

The r e s u l t s  on extinguishment time .for Dow ET-460-4, Carboxymethyl Cel lu lose  
(CMC) and water are shown in Figure 7, w i t h  preburn t i m e  a s  a parameter. 
v i s c o s i t y  addi t ive  reduces extinguishment time, although a t  the same v i s c o s i t y  Dow 
ET-460-4 appears t o  b e  more e f f e c t i v e  than CMC. 

Each 

F i e l d  f i r e  t e s t s  a t  the N a v y  F i r e  School i n  Norfolk have confirmed the  reduction 
i n  extinguishment time.when viscous water i s  used. 
a s  marked a s  i n  the labora tory  b u t  con t ro l  and r ep roduc ib i l i t y  of open f i e l d  f i r e s  
are much more d i f f i c u l t ;  scatter of d a t a  is wide. 

The percentage reduct ion  is not 

Based upon laboratory r e s u l t s ,  f i r e  f igh t ing  agencies i n  Ca l i fo rn ia  and Nevada 
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pooled t h e i r  e f f o r t s  i n  1960 to  conduct a series of suppression and r e t a r d a n t  t e s t s  
t o  determine whether the  chemical addi t ives  could be used t o  he lp  c o n t r o l  f o r e s t  
f i r e s  with ground equipment. A r e p o r t  (5) on t h i s  e f f o r t  from t h e  U. S .  Department 
of Agricul ture ,  Fores t  Service,  Divis ion o f  Fores t  F i r e  Research s t a t e s :  'Viscous 
water reduced suppression t i m e  under many condi t ions and w a s  outs tanding i n  keeping 
f i r e s  from rekindl ing.  
p a r t i c u l a r l y  e f f e c t i v e  i n  ext inguishing usual ly  d i f f i c u l t - t o - e x t i n g u i s h  f i r e s  i n  
f u e l s  such as baled hay and sawdust. Although there  were o p e r a t i o n a l  d i f f i c u l t i e s  
such as spoi lage and s l i g h t  corrosion of metal par t s ,  most problems have o r  can be 
solved. The dry powder that  makes the water th ick  can be mixed on the f i r e l i n e  in  
1 to  5 minutes using the  jet-cype mixer which is e a s i l y  i n s t a l l e d  on the truck". 

(c) Reignition: 
the  f i r e  a f t e r  it has  been extinguished, due t o  the r e s i d u a l  heat .  
have been presented i n  f i r e  f i g h t i n g  annals. One of the  outs tanding c h a r a c t e r i s t i c s  
of  t h e  viscous water extinguishment i s  the almost un iversa l  l ack  of  r e i g n i t i o n  a f t e r  
t h e  f i r e  i s  "out". This is q u i t e  evident  in the  cont ro l led  labora tory  t e s t  f i r e s .  A 
l a r g e  number of  d e t a i l e d  t e s t s  have been repor ted  ( 3 , 4 )  which show t h a t  f i r e s  
ext inguished with water r e i g n i t e d  from one to  four t i m e s  a f t e r  i n i t i a l  extinguishment, 
while mo-st o f  the  comparable f i r e s  extinguished with viscous w a t e r  d id  not  reignite. 
It was a l s o  q u i t e  ev ident  that water ext inguished f i r e s  r e t a i n e d  much more r e s i d u a l  
heat, necessary f o r  r e i g n i t i o n ,  than viscous water ext inguished f i r e s .  

The r e s i d u a l  f i lm of a l g i n  thickened water seemed to  be 

A common problem i n  Class A f i r e  f i g h t i n g  i s  the r e i g n i t i o n  of 
Many such experiences 

Comparable r e s u l t s  on r e i g n i t i o n  have been observed i n  var ious  f i e l d  f i r e  tests 
a t  Norfolk and a t  Mariposa Airport ,  Cal i fornia .  
extinguishment with viscous water; however, i t  i s  much delayed and i s  more e a s i l y  
control led.  Davis (6) s t a t e d  i n  regard  t o  t h e  Mariposa Airpor t  tests: "The chemicals 
also had a not iceable  e f f e c t  on rek indl ing  of  the  charred c r i b s  t h a t  remained a f t e r  
the i n i t i a l  suppression. Although c r i b s  sprayed with viscous chemicals d id  r e i g n i t e ,  
rek indl ing  w a s  slower i n  s t a r t i n g  and c r i b s  t h a t  rekindled, burned a t  a lower rate 
than those sprayed with water". 

(d) Reduced Water Consumption: I n  many tests, it h a s  been shown that the  rate 
of extinguishment with viscous water is many t i m e s  greater than w i t h  p l a i n  water. 
This  means t h a t  a given f i r e  can be fought w i t h  reduced w a t e r  consumption; the water 
a c t u a l l y  used i s  much more e f f e c t i v e .  While i n  many p a r t s  of the  world, w a t e r  i s  
a v a i l a b l e  i n  unl imited q u a n t i t i e s  f o r  f igh t ing  f i r e s  there a r e  many other  places on 
the globe where water is very scarce.  A good example of th i s  is  Southern Cal i fornia .  

Where f i r e s  need t o  be fought i n  i s o l a t e d  p laces  and a l l  f i r e  f i g h t i n g  water 
m u s t  be brought i n  by trucks,  i t  becomes of grave importance t o  u t i l i z e  f u l l y  every 
b i t  of water. I f  one assumes a f i v e  fold increase i n  ra te  of extinguishment f o r  
viscous water, i t  i s  easy t o  see that  one tank t ruck  of  viscous water can c o n t r o l  a s  
much f i r e  as f i v e  tank t rucks  of p l a i n  wa'ter. 

t h e  rap id  t'run-off" so t h a t  only a por t ion  o f  t h e  water i s  e f f e c t i v e .  
number of  laboratory f i r e  tes ts  have shown t h a t  viscous water i s  more e f f e c t i v e l y  
used f o r  extinguishment. A group (3) of comparative tests were r u n  t o  check t h i s  
po in t  under cont ro l led  condi t ions.  
averaged t h r e e  pounds per  minute of f'run-off''; f o r  CMC a t  a v i s c o s i t y  of 5.5 cp., the 
"run-off" was only 1.5 pounds per minute; and f o r  Dow ET-460-4 the  ra te  was less than 
1 pound per minute of 5.5 cent ipoise  viscous water. 

A coro l la ry  to  the  more e f f e c t i v e  use of viscous water i s  the reduced w a t e r  
damage t o  s t r u c t u r e s ,  contents ,  and adjoining f a c i l i t i e s .  
f i r e  several years  ago i n  lower New York, i n  which the o l d  Wannamaker s t o r e  b u i l d i n g  
w a s  destroyed, but,  does every one r e c a l l  that  the ad jacent  subways were flooded o u t  
of  service f o r  many hours? Frequently, firemen complain that  w a t e r  damage t o  t h e  
contents  of a s t r u c t u r e  i s  as great as the f i r e  damage. 

Reigni t ion  occurs  a t  times even w i t h  

(e) Reduced t'Run-Off": An obvious disadvantage of poor u t i l i z a t i o n  of w a t e r  i s  
A la rge  

P l a i n  water appl ied a t  a r a t e  of  3.6 G.P.M. 

Every one r e c a l l s  the  l a r g e  
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( f )  Logis t ics  of Chemical Additives: The mount  of chemical addi t ives  required 
to  achieve an optimum v i s c o s i t y  of water for  f i r e  f igh t ing  v a r i e s  with the  character-  
i s t ic  of  t he  chemical. Sa t i s f ac to ry  v i scos i ty  can usually b e  achieved with less than 
0.2% o f  a chemical addi t ive .  This percentage would r equ i r e  about 16 pounds fo r  t r e a t -  
ment o f  1,000 ga l lons  of  water. 

pound a r e  not firm. Others, such as CMC and Keltex FF, are i n  f u l l  production. A t  a 
p r i c e  of $0.50 per pound fo r  chemicals, i t  would cos t  less than one cen t  per gallon to  
r a i s e  the v i scos i ty  of the  water t o  a s a t i s f a c t o r y  point.  This would not  be consid- 
ered p roh ib i t i ve  under many condi t ions  of f i r e  f igh t ing .  

per ga l lon  for  chemical add i t ives  i s  no t  prohib i t ive .  
reasonable for  a l l  of t hese  chemica~s ,  only 3 t o  14 cents  per gallon". 

Some of the  chemical add i t ives  a r e  only in p i l o t  p l a n t  production, so cos t s  per 

Davis and P h i l l i p s  (5) state t h a t  f o r  f i g h t i n g  f o r e s t  f i r e s  even a higher cos t  
*The p r i c e  p e r  ga l lon  is 

CONCLUSIONS 

1. 
2. 
3. 

4. 

5. 
6. 

Viscous water produces m u c h  more rapid i n i t i a l  con t ro l  of Class A f i r e s .  
The r a t e  of extinguishment of  Class A f i r e s  is more r ap id  with viscous water. 
The danger of r e i g n i t i o n  is markedly reduced when Class A f i r e s  are extinguished 
with viscous wa te r .  
A lower amount of  v i scous  water I s  requi red  fo r  extinguishment of C l a s s  A 
f i r e s .  
Markedly reduced flrua-ofP'  of viscous w a t e r  mi t iga tes  water damage. 
Logis t ics  of chemical a d d i t i v e s  f o r  f i r e  f igh t ing  is economical. 
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DIFFUSIVE BURtiIlG OF LIQUID FU'0.S IN apEa & 

By David Burgess, A l d e r  Strasser ,  and Joseph Grumer 

U. S. Department of the In t e r io r ,  Bureau of Mines 
Explosives Research Laboratory 

Pittsburgh, Pennsylvania 

INTRODUCTION 

An assessment of the hazards of a new l iquid fuel  requires an estimate of 
i t s  l iquid burning rate (i.e., l i nea r  regression rate of the Liquid surface) during 
s p i l l  f i r ea  in open air. We best-known w r k  on this subject is t h a t  of Blinov and 
Khudiakov (1) who reported on flames of several hydrocarbon blends contained i n  
shallow trays. 
that the burning rate above large pools is determined by the rate of radiat ive feed- 
back of the flame's heat of combustion to  the pool of l iquid.  The important Fmplica- 
t ion of t h i s  rate-controll ing process is t ha t  burning rate should increase asymptoti- 
ca l ly  to a maximum value at very large pool diameter; t h i s  maximua~ r a t e  should not be 
much greater than with pools of moderate dimension, i.e., 1-2 meter diameter. 

Their findings, as reviewed and interpreted by Hottel (3) ,  suggest 

Some support w a s  given t o  the picture  advanced by Blinov and Khudialwv and 
by Hottel i n  an earlier paper from this Laboratory (2). 
additional corroborative evidence based on da ta  for  methanol, l iquefied n a t u r a l  gas, 
l iquid hydrogen, and tvo amine fuels  as w e l l  as four typical  hydrocarbons. The paper 
also describes the e f f e c t s  of fue l  temperature and of wind on burning rate, discusses 
the special  problem of cryogenic fuels,  and suggests t ha t  burning rate may be 
predicted with some confidence from the heats  of vaporization and combustion of the 
fuel.  

The present paper gives 

ExpEBpIENllBL 

Materials 

The l iquid hydrogen was preconverted parahydrogen, supplied by t h e  con- 
tractor.* Unsymmetrical dimethyl hydrazine (UDWH) used vas specif icat ion grade 
"Dimazine" supplied,by the Chlor-Alkali Division of Food Machinery and Chemical 
Corporation; and diethylenetriamine (DETA) bas obtained as a technical grade product 
from the Carbide and Carbon Chemicals Company. Liquefied natural  gas (LNG) was pre- 
pared by t o t a l  condensation of the loca l  pipeline product, boiling at -150' C., cf .  
methane, b.p. -161.5. C. Reagent grade hexane and xylene, purif ied absolute 
methanol, and technical grade benzene were used as received from the Fisher Scien- 
t i f i c  Company and c.p. butane as obtained from the Matheson Company, Inc. 

Procedures 

Our burning r a t e  tests followed generally the experimental conditions of 
Blinov and ghudiakov (1, 3). 
1 - 2 4  cm. diameter and about 8 cm. depth, paxticular a t t en t ion  being given t o  flush- 
f i l l i n g  of t he  trays at the  smallest diameters. 

*See kknovledgment. 

The noncryogenic fuels  were burned i n  trays of 

Liquid hydrogen was burned i n  
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Almost a l l  tests were con- 
s t a in l e s s  steel dewars of 7-33 cm. diameter and LNG in insulated t rays  o r  within a 
diked area vhich had been precooled with l iqu id  nitrogen. 
ducted out-of-doors i n  winds of l e s s  than 1 f.p.s. average velocity. 

Radiation from the flames w a s  measured v i t h  one o r  -re Eppley thenutspiles 

TM typical  records appecu: in F&ure 1. 

The t o t a l  thermal 

( C a p 2  windows) spaced zround the flames i n  a horizontal plane and f a r  enough from the 
flames f a r  the inverse square law to apply. 
The radiant  pover of a flame vas calculated on the assumptiou tha t  radiation is 
emitted with spherical  symmetry from the center  of the fuel  tray. 
pover vas computed an the  assumption t h a t  combustion i s  complete, neglecting soot 
formation, w i t h  C02, N2, and E$ vapor as products. 

Burning r a t e s  vere calculated by assuming that the  instantaneous radiat ion 
level  is proportional t o  the burning rate a t  the same point in time and t ha t  the 
area under the radiat ion record is  proportional t o  the t o t a l  volume of fue l  consumed. 
Alternative methods were used €or spec i f ic  purposes: 
vas  monitored v i t h  a thermocouple and burning r a t e  computed from t h e  required.. addi- 
t ion  r a t e  of fue l  to  maintain the  leve l  constant. 
insoluble fue ls  vere poured onto vater and burnedmupletely; several  depths of fuel, 
for  example 1, 2 ,  and 5 cm., vere  burned t o  comprise each burning r a t e  determination. 
(3) Small t rays  of up to  38 cm. diameter were supported op a balance sa t ha t  fuel  
consumption vas established in te rmi t ten t ly  by weight loss. It w a s  found t h a t  cowec- 
t ion  currents  vere suf f ic ien t ly  d i f f e ren t  around a small elevated tray tha t  burning 
r a t e s  were generally higher than those obtained w i t h  the  tray on a broad flat surface. 

(1) The l iqu id  surface level  

(2) Measured volumes of vater- 

RESULTS AND OBSERVATIONS 

Burning Rate as a Function of Time 

Typical behavior on igni t ion  is fo r  the burn ing  rate to accelerate  through 
a short  "burning-in" period. 
reach  its steady value a t  about t he  t i m e  vhen bubbles appeared on the  l iqu id  surface. 
T h i s  induction period was observed a t  al l  t ray  diameters and is i l l u s t r a t ed  in 
Figure 2; methanol, UDME, and the cryogenic fue ls  Hz and LNG provided exceptions b y  
the absence of an induction period. 

In  the case of benzene, the burning r a t e  vas found to 

Methanol and benzene flames at the  same pool diameter (7.5 an.) and the 
same i n i t i a l  vapor pressure (40 nrm.Hg) were snuffed out  after shor t  i n t e rva l s  of 
burning as shorn i n  Table 1; heat  required for  fue l  vaporization, column 3, vas 
estimated from the veight loss during burning; heat  retained i n  the l iquid,  column 4, 
vas estimated from the average temperature rise; t o t a l  heat  t ransfer  from flame to 
liquid, column 5, is almost time-independent, and by chance circumstance of the  tray 
diameter, almost equal for  the tM fuels .  The induction period for  benzene occurs 
during the f i r s t  two minutes v h i l e  much of the transferred heat  is being s tored i n  
the l iquid phase. Burning r a t e  is constant a f t e r  the "burn-in." 

Burning Rate as Function of Fuel Temperature 

Several fuels  vere burned i n  s m a l l  brine-jacketed traps for  BIL estimate of 
the temperature coeff ic ient  of burning rate. R e s u l t s  with e thyl  ether, absolute . 
methanol, and 95 percent ethanol are given i n  Figure 3. 
form closely to  our expectation t h a t  burning rate should vary inversely w i t h  the 
fue l ' s  sensible heat of vaporization. 

The cor re la t ing  Lines con- 

Burning Rate as Function of Pool Diameter  
. and Wind Velocity 

i 

Steady burning rates i n  the near-absence of d u d  a t  various diameters of 
fue l  t ray are plot ted in Figure 4 ,  The curves represent the empirical expression 

), ' 
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(1) 

wherein v i s  the l inear  burning rate and d the t ray  diameter. 
fue l  (solid c i r c l e s )  were  used to  evaluate the constants K and vm, which are l i s t e d  i n  
Table 2, Figure 5 presents da t a  spec i f ica l ly  for  benzene, the points near the curve 
result ing from experiments under nearly wind-free conditions. The dashed l i n e  repre- 
sents the extrapolated burning rate, v,, and the points near t h i s  l i n e  were obtained 
by burning benzene i n  various natural  and a r t i f i c i a l  winds ranging up t o  4 meters per 
second. 

Tvo points for each 

Values of v, for  the nine fue ls  studied are given as ordinates in Figure 6. 
The correlating l i n e  has the form 

sensible heat of vaporization, & cm.hin. (2) 1 net  heat of combustion,- 

[ v.,, - 0.0076 
No correction was made for incompleteness of combustion which was par t icu lar ly  
evident i n  the soot-forming benzene flames. 

Radiation and Absorption Measurements 

The rad ia t ive  outputs of some gaseous d i f fus ion  flames are compared i n  
Table 3 with the t o t a l  heats of combustion involved. It was demonstrated a t  several  
burner diameters t h a t  the apparent percentage of heat radiated to  the surroundings was 
independent of the flow r a t e  of fue l  supplied. The e f f ec t  of wind was a l w a y s  t o  re- 
duce the percentage of heat dissipated radiatively.  

Xadiative outputs a t  various diameters of liquid-supported flames are given 
The percentage of  heat radiated i n  the l a rges t  sca le  test i s  combined in Table 4. 

v i t h  burning rate values to  give the radiant output per un i t  a rea  of the l iquid sur-  
face shown i n  the f i n a l  column of T a b l e  2. 
diminished somewhat through absorption of the flame radiations by atmospheric water. 
Some representative percentages of absorption a t  various lengths of op t ica l  path by 
water vapor, by fue l  vapor, and by the l iquid fuel are given i n  Table 5. 

Hazards a r i s ing  from t h i s  radiation may be 

Special Behavior of Cryopenic Fuels 

Unconverted l iqu id  hydrogen waa poured i n t o  a deep pyrex dewar (7.0 cm. 
diameter X 45 cm. deep), the bottom 15 cm. of &ich was f i l l e d  with paraf f in  a t  2 5 O  C .  
The time-dependent vaporization r a t e  i s  i l l u s t r a t ed  i n  Figure 7. The f i r s t  20 seconds 
represents the t ransfer  period during which spattering occurred and the  vaporization 
r a t e  vas somewhat uncertain. Thereafter, vaporization seemed t o  follow a curve given 

-1 /2  
by 

( 3) v ( l inear  regression r a t e )  = K t  

wherein K has a value consistent v i t h  the solution of the  one-dimensional, time- 
dependent, heat t ransfer  problem (5) ,  and zero time represents the  point a t  which the 
paraf f in  surface was apparently cooled t o  l iqu id  hydrogen temperature. Similar re- 
s u l t s  were obtained on s p i l l i n g  l iqu id  nitrogen onto warm insu la t ing  materials within 
deep vessels. 
insulated trays the time-dependent 'ltail'l corresponding to  equation 3 could not be 
reproduced; as i l l u s t r a t e d  i n  Figure 8 the vaporization rate typica l ly  decays to  a 
nearly time-independent value which i s  c lear ly  affected by air cur ren ts  across the 
tray. 

However, on sp i l lage  of the cryogenic l iqu ids  N2 and LNG in to  shallow 

The r e su l t  of ign i t ing  a cryogenic fue l  during the f i r s t  seconds a f t e r  
sp i l l age  i s  shovn i n  the upper curve (LNG) of Figure 1. 
cated by a pip on the rad ia t ion  record labeled A. 
later and the duration of the rad ia t ive  f lash  waq no more than 4 seconds. 

S t a r t  o f  sp i l l i ng  i s  indi-  
Ignition was accomplished 7 seconds 

The shape 
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of the radiation record during the f i r s t  30 seconds was never found to resemble the 
vaporization rate curves of Figures 7 and 8. The lower curve of Figure 1 shows the 
comparable f lash  on ign i t ing  benzene folloved by a typical "burdng-in" period of 
30-40 seconds encountered w i t h  l iqu id  hydrocarbons a t  room temperature. 

The burning rates reported here for l iquid hydrogen are l e s s  r e l i ab le  than 

The l iqu id  was burned i n  s t a in l e s s  steel dewars of three 
for the conventional fue l s  s ince  evaporative losses become very high when one attempts 
to  f lu sh - f i l l  a container. 
diameters with fuel consumption as shown i n  Figure 9. Burning r a t e s  were obtained 
from the i n i t i a l  slopes of t he  curves i n  Figure 9 corrected for  the  hea t  losses of the 
dewars. The dashed l i n e  of  the figure shovs th i s  heat loss t o  be about equal t o  the 
terminal burning r a t e  as the l iqu id  level approached the bottom of  the dewar. Burning 
r a t e s  i n  such small diameter vessels,  i.e., 7, 15, and 33 cm. diameter, are typically 
very much affected by such casual crossvinds as occurred during these par t icu lar  
tests. 

Other Observations Relative to Bate Measurements 

Figures 10 and 11 i l l u s t r a t e  phenomena vhich Yere observed i n  large diameter 
flames and which could be simulated by benzene flames above small pyrex dishes. The 
underside views of Figure 10 show the d is t r ibu t ion  of soot through the vapor zone 
between flame and l iqu id  surface. 
r d i a l  d r a f t  w i t h  a chimney as i n  Figure lob. 
ethylene flames i n  open air  (4). 
tha t  of a large flame i n  qu ie t  a i r ;  the burning ra te ,  p lo t ted  i n  Figure 5 ,  is c o r  
parable to vm. Figure 1 O c  shovs the flame dislocated from the rim of the t ray  by an 
excessive draf t .  
winds of about 3-4 m./sec., although the c r i t i c a l  ve loc i ty  was sens i t ive  to  the con- 
figuration of the  apparatus. The burning r a t e  typically decreases a t  t h i s  point of 
incipient blowoff, but i f  premixing of fuel. vapor and air occurs a t  a point of flame 
s t ab i l i za t ion  then a much h o t t e r  flame develops (note the bright zone i n  Figure 1Oc) 
and burning r a t e s  can exceed v,. 

The density of soot is increased by increasing the 
Soot has a l so  been obsened  under 

The shape of the flame i n  10b is qui te  similar to 

With rectangular t rays  t h i s  tearing of the flame occurred with 

I n  Figure 10 the  p y r e  dish  is  set in to  the bench top so t ha t  the rim of 
the dish i s  1/2-inch above the surrounding f l a t  surface. 
ized a t  the rim. In Figure 11 the rim of the dish is mounted f lush  with the surround- 
ing surface and one observes t h e  "creeping" of the flame as heavy fue l  vapors diffuse 
outward along the surface against  the rad ia l  inflow of air .  This phenomenon vas 
noted par t icu lar ly  with butane flames and brought about the discontinuance of mea- 
surements above 76 cm. diameter. Burning rates and radiation leve ls  increased 
appreciably (>20 percent) during each period of t h i s  flame ins tab i l i ty .  

The flame is then s tab i l -  

It w a s  confirmed t h a t  l inear  burning r a t e s  increase a t  tray diameters below 
5-10 cm., such r a t e  values being omitted from Figure 4 to  avoid confusion. Flames a t  
very s m a l l  diameter are simple laminar d i f fus ion  flames and heat t ransfer  to the 
l iqu id  i s  demonstrably an edge e f f ec t  of no in t e re s t  i n  large-scale experiments. For  
example, methanol burning i n  a 7.5 cm. diameter ,  water-jacketed brass  tray was con- 
sumed a t  a r a t e  of 3.8 cc./min.; when a concentric inner t ray  of 4.4 cm. diameter vas 
added, t h i s  inner tray being l e f t  empty, there was no change i n  the  consumption ra te  
of fue l ;  when the inner t r ay  had a diameter of 5.4 cm., the  volumetric r a t e  f e l l  t o  
3.1 cc./min. Thus, the."edge" of i n t e re s t  i n  small methanol flames is an annulus of 
s l i g h t l y  grea te r  width than 1 a. 
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DISCUSSION 

The Dominance of Radiative Beat  Transfer 

Ram their s tudies  of hydrocarbon flames, Blinov and Khudiakov proposed that 
burning rates are controlled by heat f l ux  from the hot zone t o  the l iqu id  surface. 
This concept vas put in to  semi-quantitative form by B a t t e l  i n  his rev iev  of the 
Russian paper (3). 

4 TF TB - 4 -kd - .  -- k l  -+kZ(TF-TB) + d~ P(l  - e 
sd2/4 d 

) (4) 

(Heat f l ux  * conductive + convective + rad ia t ive  components) 

wherein TF I s  the flame temperature, TB the  l iqu id  surface temperature, presumably the 
boiling point, k l  and k2 are conductive and convective coef f ic ien ts ,  respectively, 
d the pool diameter, u the Stefan-BoltPnan constant, P a flame shape fac tor  fo r  radia- 
t ion  t o  the l iquid,  and k an opacity coeff ic ient .  
4 by the.volumetric heat of vaporization, w, and neglecting conductive and 
convective terms, one obtains 

On dividing both sides  of equation 

Conductive heat t ransfer  becomes negl igible  at la rge  diameters by v i r tue  of 
being an edge e f fec t .  I f  one assumes that the Bl inw and Wudiakov burning r a t e s  at 
s m a l l  diameter are completely conduction-controlled, then by equation 4 the contribu- 
t ion  of conduction i s  less than our experimental uncertainty at all diameters repre- 
sented i n  Figure 4. It is  not 80 easy to  dispose of convective t ransfer ,  especial ly  
w i t h  the  slover-burning flames. 
in te r face  betveen l iquid and vapor phases i n  both methanol and benzene flames. The 
presence of soot par t ic les  above the benzene pool as showu i n  Figure 10 is also sug- 
gest ive of convection. The strong absorption of flame rad ia t ion  by methanol vapor, 
Table 5 ,  d ic t a t e s  t ha t  the flame stand very c lose  t o  the l iqu id  surface which again 
favors convection as the  heat  t ransfer  mode. On the other  hand, we can ru le  out  
convection w i t h  the faster-burning butane and hydrogen flames s ince there  vas no 
sharp rise i n  temperature as a thermocouple emerged from the l iqu id  phase in to  the 
vapor zone. Assuming for  the sake of fur ther  discussion t h a t  heat t ransfer  i n  la rge  
trays is exclusively radiat ive,  equation 1 becomes the empirical equivalent of equa- 
t ion  5 .  On t h i s  basis, the empirical constant K of equation l may be ident i f ied  v i t h  
Hottel 'e opacity coeff ic ient  k, a d  our extrapolated burning ra te ,  vm, i s  given by 

W e  have noted a steep temperature gradient at the 

l?o precise  explanation is offered for  the simple cor re la t ion  of da t a  given 
by equation 2 and Figure 6 .  
The reciprocal of i s  the fract ion of the flame's hea t  t ha t  must be fed back 
t o  the  l iqu id  t o  maintain a steady rate of vaporization. 
the t a l l e r  the flame must be to l i m i t  the  eff ic iency of heat  t ransfer ;  but the height  
of a diffusion flame, other things being equal, is  determined by the rate of fue l  
feed, F.e., the burning rate. The l i nea r i ty  of the curve i n  Figure 6 ,  and the  small 
degree of scatter of data, were unexpected. 

Qualitatively, the relat ionship i s  easy to understand. 

The smaller t h i s  f ract ion,  
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Since equation 2 is expected to h w e  some prac t ica l  significance Ln predict- 
ing the r e l a t i v e  hazards of  fuels ,  it is important t o  list its limitations.  
involved only single-component fue ls  ( the LNG used vas more than 90 percent methane) 
burning i n  unvitiated air, under unusually calm atmospheric conditions and at  one 
a m s p h e r e  pressure. 
atmospheric humidity must be minor. It is part icular ly  important to note t h a t  cw 
fuel studied vas a monopropellant and that decomposition flames could hardly conform 
t o  the heat  t ransfer  picture  described above. 

The data 

W e  know from experknents with methanol t h a t  the e f f e c t  of  

The Effect  of Wind on Burning Bate  

The effect  of minor winds (Hgure 5 )  may be ra t ional ized ou the b a s i s  o f  the 
I f  the e f f e c t  of the wfnd is o d y  to m e  three variables Tg, P, and k i n  equation 5 .  

the flame around, then Tp and P could reasonably remain unchanged; but as the  flame's 
hot zone is ruff led the opacity i s  v i s i b l y  increased and the result of Figure 5 could 
a r i s e  from such an increase of  k, the  opacity coefficient,  t h a t  e - a  becomes negligi- 
bly small. 
ident ical .  

The e f fec ts  of wind and of large pool diameter should therefore b e  

Some caution is necessary in  applying t h i s  concept to prac t ica l  problems, 
I n  the case of an idealized s p i l l  i n  which the  l iquid surface is flash with the sur- 
rounding t e r r a i n  and there are 110 veloc i ty  gradients i n  the moving air, one w u l d  ex- 
pect v, t o  be the highest a t ta inable  burning rate. A t  higher wind ve loc i t ies  than . 
those of Figure 5 the flame begins to  blov off.  
behind a bluff body (consider f o r  example a half-empty fuel  tank) one may no longer 
be dealing with a diffusion flame but w i t h  a turbulent premixed flame in which Tp is 
hundreds of degrees higher than i n  diffusion flaws. W e  have observed burning rates 
equal to M c e  v, under some such circumstances and lmow of no upper l i m i t .  

However i f  the fue l  is contained 

Special Problems w i t h  Cryogenic Fuels 

The d a t a  f o r  l iquid hydrogen and for  l iquefied natural  gas vere made con- 
s i s t e n t  w i t h  o ther  d a t a  in Figures 4 and 6 by e i t h e r  minimizing o r  correcting for any 
heat  flow from the warm surroundings. H o m e r ,  i n  actual  s p i l l s  with igni t ion occur- 
ring a t  o r  shor t ly  a f t e r  spi l lage,  hea t  conducted from the ground may be  the dominant 
factor  i n  the fuel ' s  r a t e  of vaporizatiou. For example, when hydrogen uas sp i l led  
onto waxm paraff in ,  Figure 7 ,  about 7 an. of the l iquid depth vas vaporized in 
chilling the paraffin surface; thereaf ter ,  the liquid regression rate st i l l  remained 
f a s t e r  f o r  severa l  minutes than the  liwid burning rate obtained VLth insulated pools 
(Figure 9).  W i t h  typical s o i l s ,  the  thermal d i f fus iv i ty  is higher than with paraff in  
and a l iqu id  depth of 20 cm. can vel1 be diss ipated w i t h i n  the first minute after 
sp i l lage  (5). 

W e  have no r a d i d o n  records for  the i n i t i a l  f lash  on s p i l l i n g  a l a rge  
depth of l iqu id  hydrogen in to  tux ign i t ion  source. 
to LNG and Figure 1 is representative.  
comparable t o  the radiat ion expected from fuel  vaporization curves. 
suppose t h a t  a l a rge  f rac t ion  of the  f u e l  vapor escapes unignited. 

The d a t a  that we do have per ta ias  
The area under the initial spike is n w e r  

We can only 

C O a n u S I O N S  

Due to the dependence of burning r a t e  on radiat ive heat t ransfer  from flame 
to l iquid,  the burning r a t e  approaches a constant value with increasing pool diameter. 
This coustant burning r a t e  is  proportional t o  the r a t i o  of the net heat  of combustioa 
to the sensible  heat of  vaporization. 
f i r e s  to approach the large diameter value unless the flame is disrupted. The radia- 
t i v e  f lux to t h e  environment is about 20-40 percent of the heat of combustion. 

Winds raise the burning rates of unshielded 
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Table 1.--&at transferred to liquid phase during 
' -  short periods of burning. 

-J. 4. hat, 
burned burned C a l .  C d .  C a l .  

Minutes Grama 

Methanol, 5O C.. f n i t i a l  

1 3.8 1100 250 1400 
2 7.5 2300 500 2800 

4 15.0 4500 9 00 5400 
3 11.3 3400 700 4100 

5 18 ,o 5400 1050 6500 

Benzene, 9. C.. fnitial 

1 4.0 500 750 1300 
2 11 1400 1250 2700 

5 41 5000 1800 6800 

3 21 2600 1550 4200 
4 31 3800 1700 5500 

'fable 2.--S ,y of computed values bearing on 
rediative hazards of f i res .  

Thermal output 
K ,  vmD ' per unit liqufa surface, 

. kcal./cm.Zsec. 
Fuel cm. cm./sec. Total Radiated 

-1 

Hexane 
Butane 
Benzene 
Xylene 
Methanol 
UDMH 
Hydrogen 
LNG 

0.019 
,027 
.026 
.012 
.046 
.025 

(0  -07) 
.030 

0.73 
.79 
.60 

.17 

.38 
(1.4) 

.66 

s a  

5.1 2;o 

5.1 i .a 
5.1 1.4 

5 .o - 
.64 .ll 

2.2 .60 
(2.8) (0  7) 
3.2 .74 
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Table 3.--Badiation by gaseous diffusion flames. 

Radiative oubut Burner 
diameter, 100 X - 

.Fuel cm. Thermal 
~~ -. output 

Hydrogen 0 -51 
.91 

1.9 
4.1 
8.4 
20.3 
40.6 

9.5 
9 .l 
9.7 
11.1 
15.6 
15.4 
16.9 

Butane 0.51 21.5 
.91 25.3 

1.9 28.6 
4.1 28.5 
8.4 . 29.1 
20.3 28.0 
40.6 29.9 

Methane 0.51 10.3- 
.9 1 11.6 

1.9 16 .O 
4.1 16.1 
8.4 14.7 

N a t u r a l  gas (95XCH3 20.3 19.2 
40.6 23.2 

\ 



Table 4,--Radiation by Iiquid-8upported diffusion flmes. 

Radiative output V e s s e l  
diameter, 

Fuel Em. Thermal output 

BydJmen 33 25 

Butane 

. .  L E  

Methanol 

Benzene 

30 
46 
76 

38 
76 

2.5 
5 
15 
122 

5 
46 
76 

122 

20 
21 
n 
P 
23 

l.2 
14 
17 
17 

38 
35 
35 
36 

Table 5.--Perc&tage of absorption of f l a m e  radiations 
in c e l l s  with CaF2 Vindova. 

Absorbing medium, path length. temperature 
Liquid fuel,  Fuel vapor, Stem, 

0.3 an., 8.9 a., 8.9 an., 
We1 30. C. rooo c. 165. C.  

Methanol 
Hydrogen 
m a  
H e x a n e  
Benzene 

100 

> 98 
7 1  . 
62 

- 27* 13 
0 33 

43 18 - < 6  
11 - 

*38 percent absorbed over 18.4 cm, path. 
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Figure l.--Radiation Records on Burning about One Gallon (3640 cc.) 
of LNG and of Benzol i n  15-inch Diameter Tray. 
LNG poured into warm tray at point A. 

TIME. minutes 
Figure 2,--Budng Rates of F i v e  Liquid Fuels i n  a 3-inch Pyrex Vessel (3.5-inch 

for UDMK). Vapot Pressure 40 nun.& at Initial Liquid Temperature. 
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Figure 3.--Effect of Fuel Temperature ou Steady 
Burning Rates i n  7.5 an. D i a m e t e r  
Brine-Jacketed Burner .  
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Figure 4.--Dependence of Liquid B u r n i n g  Rate on Pool Diameter. 
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Figure 5.--Effect of Wind on Burning Rate of Benzene. 
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Figure 6.--Relation Between Liquid Burning Rates 
at Large Pool Diameter and 
Thermochemical Properties of the Fuels. 
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Film and nucleate boiling limited 

Theoretical (conduction limtted) 

-20 20 40 60 80 loo 120 140 160 
ELAPSED TIME. sec. 

Figure 7 .--Rate of Vaporization of Liquid Hydrogen from Paraffin in 
a 2.8-inch Dewar. Initial liquid depth 6 . 7  inches. 

Evaporation rate = i70 t-! gm N*/min. 

or 0.04 t-Z in. LNG/min. 
1 

EIAPSED TIME FROM POURING min. 

Figure 8.--Evaporation of Liquid Nitrogen after Spillage into a 
W a r m  15-inch Diameter Tray. 
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Figure ll.--Creeping Flame on Lipless Dish (bel-)- 
Compared vfth Noncreeping Flame OP 
Dish vfth l/P-Lnch Lip. 
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UNCOlCROI3.R) DIFFUSIVE BUR??DE OF SOME NEW LIQUID PROPELLANTS 

By Joseph Grumer, Alexander S t rasser ,  
Theodore A. Kubala, and David Burgess 

U. S. Department of t he  In t e r io r ,  Bureau of Mines 
Explosives Research Laboratory 

Pittsburgh, Pennsylvania 

INTRODUCTION 

The safe  use of new l iqu id  fuel-oxidizer combinations fo r  rockets requi res  
evaluation o f  the hazards that may r e s u l t  from accidental  s p i l l a g e  and ignition. One 
such combination i s  based on hydrazoid and amine type fuels--consisting e s sen t i a l ly  
of mixtures of unsymmetrical dimethyl hydrazine (OnMH) and diethylenetriamine (DETA); 
the  mixtures are designated as W-1 and MAF-3; HAF-1 i s  (by veight) 41 percent UDHH, 
9 percent CH3CN, and 50 percent DETA; MAF-3 is  20 percent UDMH and 80 percent DETA. 
Materials of this type present spec ia l  problems i n  f i r e  f igh t ing .  
soluble, possibly toxic,  and more l ike ly  to be chemically r eac t ive  with t h e i r  environ- 
ment or f i r e  extinguishing chemicals than common hydrocarbon fue ls .  F i res  o f  these 
new fue ls  may be less r ead i ly  extinguished by common extinguishing agents. Deep pools 
of blended f u e l s  may b o i l  over during burning, e tc .  
evaluating such hazards and defensive measures are obviously useful.  
ports techniques (and r e su l t s )  vhich w e r e  developed and vhich should be extendable t o  
o ther  similar fuel-oxidant systems. These techniques vere used t o  measure burning 
rates of la rge  pools of fue ls ,  rad ia t ion  from flames, temperature p ro f i l e s  in flames 
and l iqu id  beneath, composition of combustion products, and l imi t s ,  i n  terms of water 
d i lu t ion ,  o f  f i r e  po in ts  and of hypergolicity. 

They a r e  vater- 

Laboratory scale techniques f o r  
This paper re- 

MEASUREMENTS AND DISCUSSION 

Burning Rates i n  Large Pools 

Single-Component Fuels 

Judging by the  work of Blinov and Khudiakov (1, 5) and our own more exten- 
s ive  vork v i t h  other single-component fue ls  (2, 13), t h e  burning rate of a fue l  i n  
shallow t rays  approaches constancy as  the  t r ay  diameter increases (Fig. 1). Burning 
rates taken with t r ays  about a meter o r  two i n  diameter can be extrapolated t o  y i e ld  
burning r a t e s  i n  very l a rge  trays. This extrapolation for  single-component fue l s  
and the basis for  i t  are discussed i n  references 2 and 13. As explained i n  these 
discussions, t he  burning rates o f  single-component l i qu id  f u e l s  i n  la rge  pools, v,, 
i n  centimeters per minute, is given by equation 1: 

where &?comb. is the "net" 
a t  the boiling point, Tb. 
the temperature dependence 

(1) 
v, = 0.0076 &?comb. 

rT, 
q a p .  -I- J T: Cp d t  

hea t  of combustion and waPm is the  hea t  of vaporization 
The in tegra ted  heat capacity i n  the denominator determines 
o f  burning rate, normally about 112-percent per degree 
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Centigrade var ia t ion of the i n i t i a l  l iqu id  temperature, Ta. 
ing rates of such fue ls  on thennochanical properties is shown by Table 1 (2, 13). 
Values for  UDMH and DETA are included i n  Figure 1 and Table 1. 

Blended Fuels 

The dependence of burn- 

Fires  of pools of blended fuels ,  especially those whose components d i f f e r  
widely i n  the i r  v o l a t i l i t y ,  do not burn with a uniform ra te .  In t h e  beginning, t h e  
burning r a t e  i s  charac te r i s t ic  of the more v o l a t i l e  component. During the middle 
port ion of the burning, the less v o l a t i l e  component s t i l l  must b e  brought t o  the boil- 
ing point of the blend. Finally as the  fractionation proceeds the burning r a t e  be- 
comes cha rac t e r i s t i c  of t h e  higher boiling fraction. The burning rates of a blend are 
given by: ] (2) 

nl 4 0 m b . ~  + n2 -ab.* + 

nl qaPml + n2 qaPe2 +-..+"I c d t  + m2 J: C p t t  + ... 1 J: '1 

v, = 0.0076 

where n1 and m1 re fer  to mol f r a c t i o n a l  composition i n  the vapor and l i qu id  phases, 
respectively.  
vaporization of the components are comparable and n1- 
simple mixture rule: 

For such blends as gasoline whose specific heats  o f  combustion and of 
equation 2 leads t o  a 

v, = n v +.n2v2 + ..* 1 1  

On burning an unleaded gasoline i n  a 122 cm. diameter t r a y  we found a steady burning 
r a t e  of 0.54 cm./min. From d i s t i l l a t i o n  d a t a  furnished by the supplier,  the  valse 
given by equation 2 should be 0.57-0.60 cm./min. In the absence of d i s t i l l a t i o n  d a t a  
covering compositions of l i q u i d  and vapor, equation 4 may be used for  rough estimates 
of voo or  v for  medim sized trays.  "he average burning r a t e  of a 2 : l  benzene-xylene 
blend i n  a 76 cm. diameter t r a y  vas given by equation 4 using experimental values f o r  
the individual burning ra tes  o f  benzene and xylene (0.47 cm./min. (exp.) versus 0.48 
cm./min (calc.)) .  
equation 3 y ie lds  rough estimates,  except during the  f i r s t  and last s tages  of the 
f i r e .  For example, the major components of M-1 and W - 3  d i f f e r  very videly i n  
t h e i r  volatility-UDME b o i l s  at 63O C. and D E I X  at 207O C. 
t ray  and the 122 cm. t ray  predicted values exceed observed averages f o r  the middle 
half  of the burning time by about 15 percent for  W-1 and about 50 percent for 
HAF-3. 

Even for  blends w i t h  components of widely separated boiling points, 

However, for  the  76 an. 

Figures 2 and 3 confirm our analysis  tha t  for  blends w i t h  appreciable con- 
centrat ions of components of widely d i f f e r ing  v o l a t i l i t y ,  the i n i t i a l  burning rate is 
about tha t  of the most v o l a t i l e  component and the f i n a l  burning rate, about that  of 
the  l e a s t  vo la t i l e .  The r ad ia t ion  records i n  Figure 3 show tha t  t h e  steadytmrning 
rate for  DETA was approached a t  the  end of t h e  burning of W-1 and MAF-3 in a 
122 cm. t ray.  

Flame Radiation and Absgrption 

Radiation from flames and absorption of radiat ion by fuel  vapor and l iqu id  
a f f e c t  the burning r a t e ,  as discussed i n  references 2 and 13. In addition, considera- 
t ion  of absorption of r ad ia t ion  by the l iquid phase of the fue l  o r  by water i n  the 
gaseous o r  l iqu id  s t a t e  is g e r t i n e n t  t o  attenuation of heat  radiated to the l iquid 
fue l  or  to  the surroundings. 
r a d i a t e d b  the surroundings by flames of m3HH, burning on the  76 and 122 an. diameter 
t ray,  respectively (Table 2). 

About 24 and 28 percent of the  heat of combustion vas 

Combination of photographic and r ad ia t ion  da ta  gave 
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the  magnitudes and va r i a t ions  shown i n  Table 3 in the  spec i f ic  r ad ia t ion  from such a 
flame.* The da ta  i n  Table 2 caG be used t o  compare the radiant  f lux from large uD#B 
and hexane flames of the same diameter; tha t  is, r a t i o  of l inear  burning r a t e s  X 
r a t i o  of l iqu id  d e n s i t i e s  X r a t i o  of heats of combustion X r a t i o  of percentages 
radiated = 

A fourfold reduction in r ad ia t ion  leve l  compared to hydrocarbon flames should be a 
s ign i f icant  factor  in safe ty  considerations.  

F u r t h e m r e ,  d a t a  in Table 4 and Figure 4 show tha t  UDMB and MAF flames 
resemble flames of methanol more nearly than those of benzene with regard t o  s e l f -  
absorption of r ad ia t ion  from t h e i r  respect ive flame. 
good self-absorbers since a depth of 0 .3  an. of l iqu id  absorbs about all the 
radiat ion.  

Liquid UDMK and the W ' s  are 

An addi t ional  factor  to  be considered is the absorption of f lame r ad ia t ion  
by atmospheric va t e r  vapor. 
trum may d i f f e r  from tha t  of a black body, a la rge  proportion of 'the energy being 
emitted within the emission bands of water and carbon dioxide. This energy is sus- 
cep t ib l e  to absorption by atmospheric w a t e r  and carbon dioxide, and i n  the case of 
hydrogen f i r e s  or methanol f i r e s ,  atmospheric absorption is a factor  t o  be considered. 
In the  case of UDME and MAF f i r e s  (Table 4 ) ,  absorption of r ad ia t ion  by water vapor 
roughly follows Lambert's law for  the tvo shor t e s t  pathlengths of water  vapor but not 
for  the whole range up t o  37 cm. This means tha t  radiat ion from UDMtI and HBP f i r e s  
cannot be blanketed by long dis tances  through moist air. 

When a flame is  only weakly luminous, its emission spec- 

Temperature P ro f i l e s  in Flames and Liquid; The Boilover Problem 

Temperatures observed underneath a small U'IiME diffusion flame and a t  i t s  
A flame burning on a 50 nun. diameter p e t r i  dish and surface are given i n  Table 5. 

standing about 23 an. high vas probed with a ceramic coated (NBS ceramic A-418) 
platinum platinum-10 percent rhodium unshielded 10 m i l  thermocouple. It is apparent 
tha t  high temperatures (about 600° C.) are obtained i n  the unburned gas about a 
centimeter or so above the l i qu id  ( l i q u i d  l e v e l  vas about a centimeter belov the rim 
of the dish) .  Naximum temperatures a t  the  flame f ront  are about l l O O o  C.  Similar 
temperatures have been observed in d i f fus ion  flames of hydrocarbons (10, 11, 12), 
and of alcohol, benzol, pe t ro l ,  and kerosene ( 8 ) .  Calculations of adiabatic flame 
temperatures for  premixed flames a r e  given i n  Table 6 for  comparison with values ob- 
served in the diffusion flame. The temperatures observed i n  the gas phase beneath 
the diffusion flame of UEMH are consis tent  with the r ad ia t ion  measurements showing 
self-absorption of flame radiat ion.  
showed that  the l iqu id  absorbed strongly and so a steep temperature gradient i s  t o  
be expected a t  the l iqu id  surface of burning ULPIH. 
served a t  the l i qu id  surfaces of f i r e s  of UDMH and DETA. 
layers  a t  the surface of a burning deep pool of W-1 or  NAP-3 may cause violent  
bunping and splashing of burning fuel .  
may occur with o i l  tank f i r e s ,  due generally t o  an inmiscible layer  of vater  below 
the o i l ,  which is suddenly converted i n t o  steam (4, 9).  
*Cycling of flame s i z e  may be due t o  p a r t i a l  self-smothering which causes the flame 

The r ad ia t ion  absorption measurements a l so  

Such steep gradients were ob- 
Conceivably, such hot 

Violent expulsion of f u e l  (cal led "boilover") 

to lengthen. This lengthening of flame improves the diffusion and entrainment of 
a i r ,  causing the flame to  shorten. Evidence for  this explanation of f luctuat ing . 
flame s ize  comes from s tudies  of smoke limits of flames in ethylene-air  mixtures. 
L i m i t  flames only emitted smoke when the flame was in the tallest s tage ( 3 ) .  
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Somewhat d i f f e ren t  circumstances than w i t h  o i l  f i r e s  may lead to boilovers 

v i t h  the w ' s - - a  mechanism involving i n s t a b i l i t i e s  of convection currents  i n  the 
l iquid.  Consider that  at room temperature the densi ty  difference between high and 
low boiling components i s  more extreme i n  UDME-DmA blends than in most hydrocarbon 
blends, and tha t  the v i s c o s i t i e s  of DETA and of  UDMH-DEU blends are qu i t e  comparable 
to  the v i s c o s i t i e s  of highez hydrocarbons. A hot, metastable layer  may therefore form 
a t  the surface of a deep, burrdug pool of HBF and suddenly f a l l  t o  the bottom, boil- 
ing out UDMH from cold bottom layers. For t h i s  to  occur, a considerable mass of 
metastable hot l iquid must gather  a t  the surface. Othervise such a layer  would not 
contain much heat, and as it f e l l  it: vould only accelerate  the heat  f ront  dovmretd; 
i t  could not produce a boilover.  However, i f  the gravi ta t ional  forces donward were 
almost counterbalanced by the viscous forces holding the layer i n  place, a large 
mass might accumulate a t  the surface.  
densi ty  of the hot l iquid a t  the  top is greater  than the densi ty  of the initial 
l iquid.  Thirdly, t h e  l ikelihood of boilover increases i f  the v i scos i ty  of the hot 
l iqu id  is equal t o  o r  greater  than tha t  of the i n i t i a l  l iquid.  
f a l l s  and the  viscosi ty  of the ho t  Liquid is less than the v i scos i ty  of che initial 
l iquid,  viscous shear w i l l  tend t o  disperse the ho t  l iqu id  and prevent the sudden 
t ransport  of much heat to the bottom layer. The d a t a  in Table 7(A) indicate  that 
there  is no danger of boilover due t o  accumulation of boil ing DETA a t  t he  surface. 
Table 7 ( B )  indicates  t h a t  boi lover  is po ten t i a l ly  possible  a s  long as the  surface 
layers  atop cold W-1 are c o l d e r  than about 120' C . ,  and those atop cold MAF-3 are 
colder than about 60° C. I n  Table 7 ( C ) ,  a comparison is based on 60° C., the ap- 
proximate temperature a t  which W-1 and W - 3  start to d i s t i l .  Hot  surface layers  
of DETA up to about L60° C .  appear to be metastable compared to W-1 at 60°,  and 
correspondingly up to about 100' C. fo r  MAF-3. 
MAP-1 (158-60') i s  about two and one-half times t h a t  for  W - 3 ,  about the same as 
for  the comparison i n  Table 7(B).  It appears, therefore, t h a t  if metastable l a y e r s  
form atop e i t h e r  WAF-1 o r  HAP-3, the heating po ten t i a l  i n  the W - 1  case i s  wre 
than double tha t  i n  the W - 3  instance.  On.the bas i s  of these analyses, aboilaver 
with MAF-3 is f a r  less l i k e l y  than v i t h  W-1. 

Secondly, boilover is possible only if the 

I f  the hot  layer  

The temperature difference for  

Experiments w e r e  performed w i t h  MAF-1 and XAF-3 in which 38 kg. of W-1 
and 47 kg. of MAF-3 were burned in an instrumented drum measuring 30 cm. i n  depth 
and 47 cm, inside diameter. Temperature p ro f i l e s  as a function of time a r e  given ia 
Figures 5 and 6 .  The h i s to ry  of selected isotherms is given i n  Figures 7 and 8. The 
temperature prof i les  were observed by means of thermocouples i n  the l iqu id  (at  about 
0 . 6  radius from. the vall). 
t a iner  w e r e  also used. 
r a t e  of heat  travel.  
bottom of the tank occurred v i t h  MAP-1 but not with HAP-3. Figure 7 shows that the 
heat  f ront  moving downward through WAP-1 accelerated during burning from about 0.2 . 
cm./min. t o  about 0.8 cm./miu. Figure 8 shows t h a t  the heat  f ront  moved s t ead i ly  
downward i n  MAP-3 a t  about 0.14 cm./min. 
f ront  through MAP-1 s t a r t e d  a f t e r  about an hour of  burning. After 1-112 hours of 
burning, the temperature pa in t s  showed t h a t  the bottom of the container vas a t  
l e a s t  a t  65' C. About the time t h i s  heat  f r o n t  reached the bottom of the tank, a 
vigorous foaming suddenly s t a r t e d  and continued f o r  approximately 10 minutes. No 
appreciable head of foam w a s  apparent, nor was there any bumping rzf the  l iquid.  
Thereafter,  as  it did before, the  Liquid bubbled smoothly and qu ie t ly  over i ts  en-- 
tire surface u n t i l  burnout. As soou as the foaming stopped, a sample of f l u i d  vas 
withdrawn through a tap 5 cm. from the bottom and about 10 cm. from the top of the 
l iquid.  The specif ic  gravi ty  of t h i s  sample was 0.94 a t  27' C., about equal to 
t h a t  of DFXA. 
MAF-1. Temperatures were f a i r l y  uniform throughout the l iquid,  and vere about 165' 
to 175' C. 
140' C . ,  except for t h e  bottom 8 an. of l iqu id  which was around 65-70°C. 
these 5 minutes, temperatures i n  the bottom 8 cm. rose above 140'. 
tu res  are i n  f a i r l y  good agreement with temperatures l i s t e d  i n  Table 7 for  W - 1 .  
W - 3  burned smoothly. 

Temperature-sensitive paints  on the  s ides  of the con- 
I n  general ,  thermocouples and pa in t  shoved about the same 

Figures 5 and 6 show t h a t  a temperature inversion at the 

The accelerat ion of t h e  travel of hea t  

Therefore, folloving the foaming a l l  of the UDHH vas gone from the 

About 5 minutes before the foaming s ta r ted ,  temperatures were above 
Uithin 

These tempera- 

The only novel observation vas the appearance a f t e r  a 
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couple of hours of burning of very f r a g i l e  brown c lo ts .  
did not raise or  throv l iquid,  i t s  occurrence, the da ta  i n  Figures 5 and 7, and Table 7 
a l l  ind ica te  tha t  boilovers o r  perhaps only foaming are possible with MAF-1. 
weight of experimental and theore t ica l  evidence indicades that boi lovers  a r e  unl ikely 
v i t h  WAF-3. 

Although the observed foaming 

The 

Composition of Combustion Products 

As shown i n  Tables 8 and 9 ,  samples d r a m  from UDMH di f fus ion  and premixed 
flames contain hydrogen cyanide, methyl cyanide, and carbon monoxide. 
meters pas t  the flame surface of d i f fus ion  flames, these toxic gases are absent. DETA 
produced as much as 1.5 percent of hydrogen cyanide on combustion. 
from incompletely burned UDHH, DETA, and the  MAF f u e l s  may be unusually toxic. 
served flame temperatures i n  T a b l e  9 are i n  good agreement with calculated 
temperatures i n  Table 6. 

A few centi-  

Therefore, fumes 
Ob- 

F i re  Points of Aqueous Solutions 

Water i s  the least expensive and general ly  most readi ly  avai lable  extinguish- 

Other extinguishing reagents are expensive o r  soluble  o r  react ive.  
ing agent. for  f i r e s  of  MAP fuels.  
dis integrated.  To 
evaluate water requirements for  f ight ing f i r e s  of the W ' s ,  measurements were made of 
the va te r  d i l u t i o n  necessary t o  render nonflammable aqueous solut ions of UDMfl, MAF-1, 
and MAF-3. 
(For very deep pools, less vater vi11 be  required i f  only the upper port ion of the 
tank's contents has to become nonflammable.) The data  a r e  given i n  Table 10 along 
with d i lu t ions  needed for  some alcohols and acetone. The r a t i o s  i n  the l a s t  column 
of Table 10 of heat  of vaporization t o  heat  of combustion ind ica te  t h a t  the water re- 
quirements can be simply estimated, without recourse t o  measurement. A t  vors t ,  the  
estimate provided a f ivefold safe ty  f a c t o r  and for  three of the seven tests provided 
good agreement with experiment. 
aqueous solut ion of a fue l  w i l l  not burn vhen the heat  of combustion of the solut ion 
equals the heat of vaporization at the  boi l ing point of the  l iquid,  tha t  a l l  of the 
h e a t  of  combustion i s  t ransferred t o  the l iqu id  and the compositions of vapor and 
l iqu id  phases are ident ica l .  Errors due t o  the last tvo assumptions tend to neutral-  
i z e  each other  with regard t o  the predict ion of vater concentration a t  the f i r e  point.  
It i s  obviously d i f f i c u l t  t o  compute the heat  t ransfer  from flame to  l iquid.  It is 
also questionable vhether vapor phase composition can be computed accurately enough 
using the l iquid composition. Figure 9 shows t h a t  equilibrium between compositions 
of the l iqu id  and the  vapor burning above i t  may not be assumed near the f i r e  point.  
Equilibrium curves were taken from the l i t e r a t u r e  (6). Experimental points were ob- 
tained by adding an a r b i t r a r y  mixture of methanol-water, e.g., 1:l on a m o l a r  basis ,  
t o  a burning methanol pool. The rate of addi t ion vas such as t o  maintain a constant 
weight of l iquid.  
c i f i c  gravi ty  measurements, became constant.  (There were no s igni f icant  concentra- 
t i o n  gradients i n  the body of the liquid.)  
mixture being d i s t i l l e d  by the flame vas i d e n t i c a l  t o  t h a t  of the  mixture being added. 

Foam has t o  be spec ia l ly  prepared and i s  rapidly 

About two volumes of water per volume of fue l  suf f ice  f o r  t h i s  purpose. 

The estimate i s  based on the assumption tha t  an 

Eventually the composition of the l iqu id ,  as determined by spe- 

A t  this s tage the composition of the 

Hypergolicity of Aqueous Solutions 

Since the W fue ls  would typ ica l ly  be used v i th  such oxidants as inhibi ted 

It was  observed tha t  when the 
red  fuming nitric acid (IRFNA) there  are spec ia l  problems of preventing hypergolic 
i g n i t i o n  on simultaneous sp i l lage  of fue l  and oxidant. 
vapors above UDKE and above BFNA were permitted t o  i n t e r d i f h s e  i n  a par t icu lar  
closed apparatus a t  28. C., there  was no igni t ion .  
38O C., igni t ion occurred. Vapors above e i t h e r  MAF-1 o r  W - 3  ign i ted  spontaneously 
with vapors from RFNA at 45. C. but  not at 3 8 O  C .  
60-looo C. i n  open air led  t o  ign i t ion  despi te  precautions t o  eliminate l iqu id  spray. 
Thus there  i s  a need f o r  newly obtained d a t a  on flammability limits and spontaneous 
i g n i t i o n  temperatures with air and i n e r t  gases as ' ignit ion-preventing d i luents  (7 ) .  

On ra i s ing  the  temperature to 

Impinging jets of the vapors a t  



LE. 
Uith regard t u  l i qu id  phase interact ions it vas observed i n  preliminary 

spot-plate tests tha t  i gn i t i on  could be prevented by pre-diluting e i t h e r  the BpNB or 
the fuel  (M, W-1, o r  W - 3 )  vith 40 volume. percent vater  and tha t  DETA-BPNA 
vere not hypergolic. 
pe l l an t  in dewars. 
systems vith nu heat  loss,  the following conventional concept of hypergolicity was 
invoked : 

These results vere duplicated vith LOO cc. quant i t ies  of ' p r o ,  
To estimate the  required vater d i lu t ion  for  non igd t ion  i n  la rge  

(a) There are f a s t  neu t r a l i za t ion  reactions,  independent of the degree 
of di lut ion,  yielding about 10-20 percent of the ove ra l l  heat  of cambustian; 

(b) The temperature of the system is thus ra ised su f f i c i en t ly  to permit  
slower reactions,  such as oxidation o r  n i t ra t ion ,  t o  lead on eo ignit ion.  

Accepting the neutral izat ion s t e p  t o  be inevitable,  one must d i l u t e  Suff ic ient ly  with 
vater so t h a t  the  system never exceeds a c r i t i c a l  temperature f o r  i n i t i a t i o n  of 
second-stage reactions. 
water-diluted RPNA (50-50) incrementally to 200 cc. of vater-diluted UDPIB in  a dewar, 
the d i lu t ed  reactants  having been precooled i n  each case to 25" C. Curves A, B, C, 
and D r e f e r  to  10, 20, 40, and 100 percent i n i t i a l  concentrations of UDHH and the  
dashed l i n e s  depict  temperature rises from a hypothetical  neutral izat ion yielding 
12 kcal./mole. 
and heat  evolution has v i r t u a l l y  ceased when acid and UDME are equimolar. 
i n  curve C, involving 50 percent ac id  and 40 percent UDHH, there is evidence of some 
addi t ional  r eac t ion  a t  the start and of heat evolution extending beyond the equimolar 
point.  A t  about t h i s  d i l u t i o n  o f  reactants ,  and depending critically upon apparatus 
parameters, i gn i t i on  vas found t o  occur i n  the gas phase. 

Figure 10 shovs the temperature rises obtained on adding 

In curves A and B the i n i t i a l  po in t s  are belov predicted temperatures 
However, 

As best  one can judge from the  figure, the highest  react ion temperature f o r  
s a fe ty  i n  any conceivable environment vould be about 50" C. From th i s ,  if the react- 
ants are i n i t i a l l y  a t  25" C., the  minimum d i l u t i o n  should be about 8 grams of Vater 
per  gram of UDME-RFNA propellant.  
with the MAP fuels. 
mixed with 100 cc. (60-40) vater-RFNA with a hea t  r e l ease  tha t  vas judged to be 
15kal. /mole;  100 cc. of (50-50) water -W-3 vere added to 100 cc. of BFNB, giving a 
heat  re lease of 18 kcal./mole. 
delayed reaction. 

There is  evidence t h a t  less water would be needed 
For example, 100 cc. of (60-60) vater-(MAF-1 or  MAP-3) were 

I n  each case there  vas no i gn i t i on  o r  evidence of 

COXLUSIONS 

The MAF fuels  are similar in t h e i r  gross burning cha rac t e r i s t i c s  to more 
conventional fuels .  
be manageable. 
i n  the burning of large diameter pools. 
of the rates of the  component f u e l s  and are of t h e  order  of those of conventional 
fuels.  
l ike ly .  About tvo volumes of vater per volume of fue l  r e s u l t s  in a nonflammable 
solution. The products o f  incomplete combustion of the amines contain cyanides, a 
fac tor  t o  be considered i n  f i r e  f ight ing.  Hypergolicity between the MAF fuels and 
red frnning nitric acid can be prevented by adding about two volumes vater before 
mixing. 
systems . 

The hazards due to accidental  f i r e s  of these materials appear to 
As v i t h  hydrocarbons, r ad ia t ive  hea t  t r ans fe r  is the  dominant factor  

Burning rates are expressible as functions 

Temperature p r o f i l e s  i n d i c a t e  t h a t  boilover during f i r e s  of deep pools is UP 

The concepts used i n  t h i s  study should be applicable to other fuel-oxidant 

-0- 
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Table I.--Itelation of l iqu id  buruing rates to 
thermochemical propert ies  of fuels .  

V mc 5’ 
AJic (net)  (sens.) 

0.0076 - 
Fuel kcal . /mol. 4 cm./min. 

Hydrogen 
Butane 
Hexane 
Benzene 
Xylene 
UDm 
DEZA 
HeOH 

58.2 0.22 
623 5.95 
9 16 9 -77 
751 9.20 
10 38 14.72 
432 9.53 
73s 26 .L 
150 9 .ia 

2.02 

.72 

.63 

.55 

.35 - 22 

.13 

.ai 
1.6 

.79 
-73 
.60 

.38 
* 20 
.17 

.5a 

Table Z.-&diation by diffusion flames of liqucd fuels. 

Radiative outpne Burner 
diameter, 100 x 

Fuel cm. Thermal output 

DETA 76 35 
DETd 122 28 
W-1 76 26 
w- 3 76 42 

Table 3.--Specific f l a m e  radiat ion from diffusion 
flmne of UWIi. Pool diameter 76 cm. 

Specific flame 
radiat ion * 1 T h e ,  

minutes vat ts lan.  

1 .o 6.75 
1.5 9.15 
2.0 9.90 
2.5 7.90 
3.0 6 .SO 
3.5 8.40 
4.0 7.25 
4.5 12.9 
5 .o 9.6 
5.5 12.4 
6 .O 13.2 
6.5 6.1 

u 4 .  i 
4 
J 

. .  i 

I 
I 

2 
I 

* Radiation output 
2 x v e r t i c a l  c r o s s  sec t ion  of flame’ 1 



Table 4.--Transmission of flame radiation. 

Transmission, percent 
Through 

fuel cm. at 165' C. at 100' C. Fuel liquid 
Flame of Cell length, water vapor Fuel vapor 

UDm 0.3 
w- 1 
HAF- 3 

UmH 8.9 
w- 1 
w- 3 
DETA 
Methanol 

mm 18.4 
w- 1 
w- 3 
DETA 

mn€i 
w- 1 
MAF- 3 
DETd 

37 

82 57 
89 61* 

65* 81 

87 73 

. .  
. -- -- 

72 49 
72 
76 
77 

70 
69 
70 
69 

*Predominant vapor vas m. 

1 
1 
0.3 

u5. 

Table S.--Temperatures in a diffusion flame of 
unsymmetrical dimethyl hydrazine in air. 

Tray diameter 50 mm., flame height about 230 mm. 

Height Distance from ax is ,  ran. 
above 0 5 10 15 20 25 
dish, 
arm. Temperatures, C. 

0 600 600 600 6 50 7 30 1080* 
5 600 6 20 640 700 11 20* 480 
10 660 700 750 1120* LO40 
15 8 20 840 9 30 11 20* 810 
25 770 670 680 1000* 9 50 
50 1040 1080* 1050 1060 

*Approximate position of flame edge. 
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Table 6 .--Adiabatic flame temperatures of diethylenetriamine and 
air mixtures and of  unsymmetrical dimethyl hydrazine 
and a i r  mixtures a t  one atmosphere i n i t i a l  pressure.* 

DE72L.W UDl¶i,* Flame temperature, Og. 
percent percent (Calc .) 

3.0 
4.0 
5.0 
6.0 
7.0 

9 .o 
a .o 

11.5 
17.5 
31.6 

2387 
2288 
2058 
1766 
1482 
1276 
1220 
1314 
1177 
9 74 

*calculations by E. B. Cook of th is  Laboratory. 
++In i t i a l  temperatures of gaseous mixture: 
. DEXA 5 423" K., UDME = 330' K. 

Table 7.--(A) Comparison of dens i t i e s  and v i scos i t i e s  of MAP-1 and MAF-3 

(B) Comparison of temperatures o f  DETA a t  which i t s  dens i ty  or 

(C) Comparison of temperatures of DESA a t  which i ts  density o r  

a t  25" C. w i t h  those of DEl'A a t  its boi l ing  po i n t  . 
viscos i ty  equals those of MAF-1 or  MAF-3 a t  25' C. 

viscos i ty  equals those of W-1 or  MAF-3 a t  60' C. 

A B C 
Density, Viscosity, Temperatures, C. Teaperatures. * C. 

P, 1, 
f i e 1  gm./cm.3 cent ipoise  P ll P 1 

. -  
w-i* 0.869 1.22 120 80 158 138 
W - 3 *  .916 3.5 60 40 98 > 100 
DETA* .7a5 .43 

*Correspondence: ,Beaction Pfotors Division, Demi l le ,  Rev Jersey. 
*Ethylene Amines, Dov Chemical Company, Midland, Michigan, 1959. 

i 

1 

1 

z 
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Table 8.--Mass spectrometric analyses of combustion products 
of UDMR di f fus ion  flames. 

Diffusion flames over t r ay  
5.1 X 25.4 X 1.4 cm. 76 cm. 

S ~ l i I L g  point, 
cm. above flames 0 0 0 5 0 5 

Analysis, percent: 
Carbon dioxide 4.3 
Carbon monoxide 3.1 
Me thane 4.0 
Formaldehyde or  ethane* .3  
Ethylene 1.8 
Acetylene .3 
Methyl cyanide .2 
Hydrogen cyanide- 1.5 
Water 1.6 
Hydrogen 3.6 
Nitrogen + argon 75.6 
Oxygen 3.7 

2.9 
2.3 
1.3 
.1 

1.2 
.1 
.1 

1.1 
1.2 
1.8 

77.2 
10.7 

4.0 
3.2 
2.4 
.1 

1.2 
.3 
.1 0 

1.8 0 
1.0 
3.0 

6.6 
76.3 Air 

3.2 0.3 
1.6 0 

1.6* 0 

0 
.7 0 

1.4 0 
80.5 Air 
11 .o 

*Probably ethane, s ince Schi f f ' s  test f o r  aldehydes vas negative. 
w o t a l  of methane, ethane, ethylene, and acetylene. 

-Presence o r  absence confirmed by Prussian blue test fo r  cyanides. 

Table 9 .--Mass spectrometric analyses of combustion products 
along axis of UDm-air f l a t  flames.* 

UDMH, percent 
11.5 17.5 17.5 17.5 31.6 

Distance above 
blue flame, nrm. 4 1 2 4 4 

Observed flame 
temperature, K. > 1340 1240 1250 1270 1030 

Analysis, percent: 
E thy1 ene 2.2 3.4 3.4 
Hydrogen cyanide 4.4 6.2 4.5 
Aarmonia .7 1.6 1.5 
Carbon dioxide 1.8 .2 .5 
Oxygen .2 2.0 1.6 
Nitrogen 63.8 53.2 56.6 
Methane 1.1 6.3 3.8 
Carbon monoxide 13.0 11.5 12.6 
Wdrogen 11.6 14.9 14.8 
Argon .8 .7 .7 

*Data obtained by J. M. Singer of t h i s  Laboratory. 

3.4 
5.6 
1.3 

.7 

.7 
55.2 

3.4. 
14.0 
14.3 

.7 

5.5 
7.2 
4.0 
.1 

1.3 
46.2 
11.6 
8.4 

14.6 
.6 



Table 10.--Fire points o f  fuel-vater solutions. 

Volume 
Temperature, percent Heat of vaporization 

Fuel c. fue l  Heat of combustion 

T r a y  15 X 76 X 1.6 cm. deeg 

Methyl alcohol 25 42 
56 20 

Acetone 25 15 
60 10 

Ssopropyl alcohol 25 40 

Ter t i a ry  butyl  alcohol 25 35 
6 4  8 

mm 33 50 

63 34 

66 ~ 8 

60 r4 

Burnout* 2a+ 

MAP-1 . 3 4  64 
60 39.5 
'63 38 

MAF- 3 25 63 
60 53 
63 51 

Tray 5.1 X 25.4 X 104 cm. deep 

Methyl alcohol 2 5  49 
Acetone 25 2 1  
Isopropyl alcohol 2s 42 

0.60 

.9 2 

1.09 

1-01 

.22 

.39* 

.5w 

.'*A s u f f i c i e n t l y  concentrated so lu t iou  was ignited and permitted to 
burn to self-ext inct ion.  Residual fue l  concentration vas 
determined by measurement o f  spec i f ic  gravity. 

*Assumed DFXA in.aqueous so lu t ion  did not vaporize o r  burn. 

i 

i 

1 
I 

1 



’\ 

0 MAF.1 
X MAF-3 

0.1 

.6 

d 
E > 
.- 

I 

i 
t 

0 

b 

! 

!i 

i l 9  . 
Ultmate liquid burning hHvap 

rate, cm./min. AHcomb. 
C6H14.0.70 0.0107 
C&O. .45 ,0142 

MeOH. .I4 

50 100 150 
TRAY DIAMETER. cm. 

Figure 1.--Variation of Liquid Burning Rate with Tray Diameter. 
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Figure 2.--Burning Time in 76 cm. i.d. Tray of 
UDMK, DETA, and the Blends MAP-1 
and MAF-3. 



Figure 3.--Radiation Records of MAF-1 and MBF-3 Burning in 122 cm. i .d .  Tray. 
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Figure 4.--Transmission of Flame Radiation Through Cells 
F i l l ed  with Vapor o f  Burning Fuel. 
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Figure 5.--Temperature Profiles near Liquid Surface of MAF-1, 
Burning in 47 cm. i.d. Vessel. 
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Figure 6.--Temperature Profiles near Liquid Surface of MAP-3 
- Burning in 47 cm. i..d. Vessel. 
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EXTINGUISHMENT STUDIES OF HYDRAZINE AND 
UNSYMMETRICAL-DIHYLHYDRAZINE FIRES* 
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Wilburt Haggerty, Michael Harkels, Jr., and Raymond Friedman 

Atlantic Research Corporation, Alexandria, Virginia 

I. INTRODUCTION 

The employment of new high-performance liquid propellants has resulted in new 
problems of fire protection for personnel and facilities in the vicinity in which 
these chemicals are stored, handled, or used. By their very nature these pro- 
pellants are reactive. Toxicity of the fuels or their combustion products may 
exist. Hany of the fuel and oxidizer combinations are hypergolic, requiring no 
outside ignition source to start a fire. 
as monopropellants without an outside oxidizer, making a particularly difficult 
extinguishment problem. 
variety of situations or geometries. 
and explosion events. Yet, if these propellants are to be used, some form of fire 
prct,xtion must be provided. 

In other cases, these materials may burn 

The materials under discussion may be used in a wide 
This produces a wide variety of possible fire 

This investigation was undertaken to determine the materials and techniques 
necessary for the extinguishment and control of fires involving two of these new 
propellants, hydrazine and unsymmetrical-dimethylhydrazine. 
these fuels are shown: 

Some properties of 

Flammehility 
Boiling Flash Point Fire Limits in Air 
Point Density (closed cup) Point LaJer 

Fuel Formula ( O F )  (amslcc) (OF) ( O F )  (vol Per cent1 

Hydrazine N2H4 236 1.008 104 126 4.7 100 

UDMH (CH3l2N2H2 146 0.786 34 (?) 5 2.5 95 

The program also included studies of the 50-50 mixture of these fuels, the fuel 
JP-X (a solution of UDMH in JP-4. a petroleum fuel), and fires involving all these 
fuels in contact with nitrogen tetroxide in either liquid or vapor form. 
paper is limited to a summary of data for the hydrazine or UDMH and air combinations. 
Further details including results from the other combinations, are available from 
the progress reports (1). 

This 

While the primary objective of the investigation was to determine the require- 
ment,% for fire protection systems capable of coping with fires involving these 
propellants, an important by-product was the development of basic knowledge in the 
use of small models for fire-extinguishment research. 
results of this investigation to fire-extinguishment practice depends, in part, 

Since the application of the 

* 
This work was sponsored by the F l i g h t  Accessories Laboratory, Aeronautical Systems 
Division, Air Farce Systems Command, under Contract 33(616)-6918. 
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upon being ab le  t o  extrapolate  laboratory r e s u l t s  t o  very la rge  f i r e s ,  t h e  appropriate  
sca l ing  f a c t o r s  must be w e l l  known. 
by which var ious agents ext inguish f i r e s  and t h e  e f f e c t s  of  agent-application para- 
meters,  f i r e  geometries, and f i r e  s i z e  on the extinguishing c a p a b i l i t i e s  of  the 
various agents.  

This involves determination of t h e  mechanisms 

The experimental approach involved three f i r e  s izes .  The smallest  test, 6.54-eq 
in ,  were conducted i n  a laboratory hood; providing an extensive amount of  d a t a  t o  
screen candidate agents,  determine t h e  mechanisms o f  extingufshment, and the optimum 
methods and s a t e s  of appl icat ion.  
s t a i n l e s s - s t e e l  p a n  which could be heated t o  maintain the  f u e l  a t  a temperature above 
i t s  f i r e  point .  A 314-inch freeboard on t h e  aides of t h e  pan reduced splarhfng and 
f u e l  sp i l lage .  Any propel lant  s p i l l a g e  or excess ext inguishing agent was caught in 
the  s t a i n l e s s  steel t ray ou the s i d e s  of the pan. 
t h e  updraf t  caused by t h e  f i r e  and t o  prevent these  updraf ts  from cooling the aides  
of t h e  burner. 

The burner shown in Figure 1, was 8 square 

This t r a y  also served to reduce 

To evaluate  an ext inguishing agent ,  0.6 to  2.4 cubic inches of fuel (corree- 
ponding t o  about 0.1 to  0.4 inches depth) were placed in the  burner, allowed t o  
reach t h e  desired temperature, and ignited by means of a h o t  w i r e .  After  a se lec ted  
preburn t i m e ,  u s u a l l y  10 seconds, the agent w a s  d i rec ted  onto t h e  f i r e .  The length 
of time required for  extinguishment, the amount of agent required, and t h e  amount of 
propel lan t  remaining unburned w e r e  determined a s  a function of agent, rate of  appl i -  
ca t ion ,  appl ica t ion  technique, and propel lan t .  

The la rger  pans, 49-and 324-sq in. were i d e n t i c a l  in geometry t o  t h e  smallest 
pans and were used t o  determine t h e  sca l ing  f a c t o r s  necessary f o r  extrapolat ion of 
t h e  r e s u l t s  t o  s t i l l  l a r g e r  f i r e s .  
in Figure 2. 
around the  f a c i l i t y  t o  minimize t h e  e f f e c t s .  of v a r i a b l e  winds. 

, 

They were located in t h e  outdoor f a c i l i t y  shown 
After the photograph w a s  taken, an eight-foot-high windbreak w a s  b u i l t  

I n  s p i t e  of a l l  precaut ions,  a s u b s t a n t i a l  v a r i a b i l i t y  i n  t h e  r e s u l t s  of  con- 
secut ive  tests w a s  found. This seems t o  be c h a r a c t e r i s t i c  of  pan f i r e  extinguishmeat 
t e s t s .  
i d e n t i c a l  tests were used t o  compute each datum point  p lo t ted  on the curves which 
follow. A t o t a l  of  994 test fires were burned t o  o b t a i n . t h e  r e s u l t s  discussed h e r d n .  

Hence a large number of tests were made, and averages of  a eerfee of 

11. EXPWMEKTAL RESULTS 

A. BURNING BATES OF EYDEAZINE AND UDMH 

Burning r a t e s  of hydrazine and UDMH w e r e  found from burning time vs. fuel depth 
curves f o r  a series of square pans: 

- Fuel 

Hydrazine 
mMli 

Pan Area (sq in) 

/' 

.i 

1 
I 

4 

4 
/ 

1 

Hydrazine is seen t o  buin an order  of  magnitude f a s t e r  than UDHII. 
t o  t h e  a b i l i t y  of hydrazine t o  burn l i k e  a monopropellant; a decomposition flame 
not requir ing oxygen exists c l o s e  t o  the l iqu id  surface.  The hydrogen produced by 
t h i s  flame then bums with a i r  as a d i f f u s i o n  flame. Addition of water t o  t h e  
hydrazine reduces i ts  burning r a t e  s u b s t a n t i a l l y .  

This is aecribed 

The slower-burning VDMH has  a burning rate of the same magnitude as ethanol  or 
gasol ine,  so a decomposition flame is evident ly  n o t  present. 

. .. ., 
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Figure 1. Burner Apparatus with Spray Nozzle. 
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The va r i a t ion  wi th  pan s i z e  fo r  both fue ls .  is expl icable  on a hea t - t ransfer  
bas i s  (2,3) and w i l l  not be discussed here.  

B. EXTINGUISHMENT OF HYDRAZINE FIRES 

1. Water Sprays 

The mechanism by which water sprays extinguish hydrazine f i r e s  appears t o  be  
d i l u t i o n  of t h e  hydrazine t o  a concentration which w i l l  no t  support  combustion. As 
shown i n  Figure 3, when water w a s  applied to  6 . 5 ,  497  and 324-sq in h draz ine  f i r e s  

hydrazine concentration a f t e r  extinguishment ind ica ted  a d i l u t i o n  t o  40-70 weight 
per cent .  The res idue  remaining a f t e r  extinguishment of t he  l a rge r  f i r e s  w a s  more 
d i l u t e  than those from t h e  smaller f i r e s .  
r ad ia t ed  to  the  l i qu id  and therefore  t h e  l i q u i d  temperature w a s  higher.  This  meant 
t h a t  more d i l u t e  so lu t ions  supported combustion. The concentration of hydrazine in 
the  res idue  remaining a f t e r  extinguishment w a s  found t o  decrease  as t h e  depth of 
t h e  f u e l  was decreased. 
water spray ra te  i n  Figure 3. Since water and hydrazine have approximately the  same 
d e n s i t i e s  concentration gradien ts  are e a s i l y  es tab l i shed .  nixing depends mostly 
on the  force  with which the  water spray impinges on t he  su r face  and t h e  depth of  
the  pool. Both e f f e c t s  are respons ib le  fo r  t h e  decrease in t h e  concentration of 
hydrazine in t he  res idue  as t h e  normalized spray rate w a s  increased  as s h a m  in 
Figure 3. 

a t  rates of  0.01 t o  0.33 ga l  water/sec g a l  of  f u e l  (0.2 t o  1.2 gpm/ft 3 ), t he  

In t h e  l a rge r  f i r e s ,  more heat w a s  

Decreasing depth is ind ica ted  by increas ing  normalized 

Since t h e  mechanism o f  extinguishment is pr imar i ly  one of d i lu t ion ,  in an 
idea l ized  case  t h e  t i m e  t h a t  spray must be appl ied  t o  cause exti'nguishment should 
be d i r e c t l y  propor t iona l  t o  t h e  amount of  f u e l  present  and inverse ly  propor t iona l  
t o  the  rate of appl ica t ion  of spray. However, t h e  s impl i c i ty  of t h e  d i l u t i o n  
mechanism is complicated by the  following f ac to r s :  

I) As t h e  f i r e  progresses,  some of t h e  f u e l  is consumed, leav ing  
only the  remainder t o  be  d i lu t ed .  

2 )  Some of the water which does reach t h e  burning l i q u i d  is la ter  
vaporized. 

3) Some of t he  water is vaporized in t h e  flame and never reaches 
t h e  burning l i qu id .  

4) Mixing rate of t h e  water and f u e l  is no t  instantaneous.  

Because of  t he  above f ac to r s ,  t he  length of t i m e  t h a t  spray must be  applied is 
not simply propor t iona l  t o  the  volume of  f u e l  o r  t h e  inve r se  spray rate. However, 
as shown i n  Figure 4, t he  da t a  may be co r re l a t ed  by p l o t t i n g  t h e  logarithm of t h e  
extinguishment t i m e  versus  t h e  logarithm of a normalized ra te  of app l i ca t ion  of 
spray (ga l  water/sec ga l  of fue l ) .  I n  view of t h e  above complicating f ac to r s ,  t he  
f a c t  t h a t  even an empirical  c o r r e l a t i o n  can be obtained is indeed fo r tu i tous .  The 
s lopes  and in t e rcep t s  of the  curves would be expected t o  be complex functions of 
thg proper t ies  of t he  fue l ,  pan s i z e ,  and agent.  The mafn conclusion from the  curvea 
is t h a t  l a rger  f i r e s  r equ i r e  a longer app l i ca t ion  of  spray before  extinguishment 
ockurs, fo r  t he  same normalized spray rate, but t h a t  t h e  increased t i m e  is s l i g h t  
when compared t o  the  increased f i r e  s i ze .  

The percentage of  o r i g i n a l  f u e l  remaining a f t e r  extinguishment, an expression 
of the  e f f ic iency .  i s  presented i n  Figure 5 as a function of t h e  rate of app l i ca t ion  
of water.  As can be  seen, f a s t e r  rates of app l i ca t ion  are more e f f i c i e n t  on t h i s  
b a s i s  than slower opes, and deeper pools of f u e l  are more e f f i c i e n t l y  extinguished 
t h a n  shallow ones. 
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Because d i l u t i o n  is the  mechanism by which water sprays extinguish hydrazine 

f i r e s ,  the major sca l ing  f a c t o r  f o r  extinguishment is a function of  the  amount of 
f u e l  present  and is not  a func t ion  of diameter,  per 86. However, spray r a t e ,  l iquid 
depth,  and f i r e  diameter do inf luence  scale-up s l i g h t l y .  Since d i l u t i o n  t o  50 
weight p e r  cent concentration appears t o  be adequate, the amount of  water required 
f o r  extinguishment would be about one gal lon per  gal lon of fuel .  
f u e l  o r  v e r t i c a l  concentration gradien ts  would reduce t h e  amount required.  
verse ly ,  any vaporizat ion of water i n  the flame would increase  the  amount of water 
required . 

Any consumption of 
Con- 

- 
The weight average p a r t i c l e  s ize .  D,, of t h e  spray used on each f i r e  s i z e  

w a s  : - 
Pan S i z e  DW 

sq in microns 

6.5 
49 

324 

160 
245 
290 

2. Fog 

Measurements w i t h  the 6.5-sq i n  burner indicated t h a t  w a t e r  fog w a s  l e s e  effec-  
t i v e  than coarse w a t e r  sprays a g a i n s t  hydrazine f i r e s .  Since the  concentration8 
remaining a f t e r  extinguishment w e r e  comparable, the  lower ef f ic iency  vas probably due 
t o  increased vaporization of the  f i n e  d r o p l e t s  in t h e  flame. 
aga ins t  49-sq in f i r e s  than a g a i n s t  6.5-sq i n  f i r e s ,  again because of vaporizat ioa in  
the  flame, preventing l iqu id  d i l u t i o n .  The f a c t  t h a t  as much as 1.5 gal lons of  w a t e r  
p e r  gal lon of f u e l  o r i g i n a l l y  present  were required f o r  extinguishment, i n  comparison 
to  1.0 ga l /ga l  f o r  spray, i n d i c a t e s  the  magnitude of  t h e  vaporizat ion,  espec ia l ly  
s i n c e  most of  the  f u e l  o r i g i n a l l y  present  w a s  consumed in t h e  f i r e .  

Fog w a s  less e f f e c t i v e  

Fog is not a good ext inguishing agent  f o r  hydrazine f i r e s  and would probably 
f a i l  t o  ext inguish very l a r g e  f i r e s .  

3. Foam 
* 

The mechanism by which foam ext inguishes  hydrazine f i r e s  appears t o  be d i l u t i o n  
of the  sur face  of the burning l i q u i d  below t h e  concentrat ion vhich supports combustion. 
Since t h e  hydrazine causes t h e  foam t o  break d m  rapidly,  a sur face  layer  of water 
is b u i l t  up over the  fue l .  
t a c t s  f r e s h  hydrazine f u r t h e r  out  on t h e  burning pool. 
e n t i r e  surface,  t h e  f i r e  is extinguished. 

The foam on top of the  w a t e r  f i lm is s t a b l e  u n t i l  i t  con- 
When t h e  foam blankets  t h e  

A8 shown in Figure 6 ,  the  amount of  foam required f o r  extinguishment is a function 
of appl ica t ion  rate, depth of l i q u i d  f u e l ,  and s i z e  of t h e  f i r e .  Fas te r  rates of 
appl ica t ion  requi re  less  foam because t h e  foam has less t i m e  t o  break down and is 
therefore  a b l e  t o  blanket t h e  f i r e  more quickly.  
t o  ext inguish the  49-sq i n  f i r e s  wete about 10 seconds longer with 0.2 gpm/ft2 appl i -  
ca t ion  than with 0.32 gpm/ft2. 
sur face  a t  the  lower appl ica t ion  r a t e  permits more breakdown of t h e  foam, and there- 
f o r e  more foam is required.  

Figure 7 shows t h a t  tfmes required 

The slower r a t e  of t r a v e l  across  t h e  hydrazine 

The decrease in the amount of foam required p e r  gal lon of fuel f o r  deeper pools 
of hydrazine confirms t h e  mechanism of sur face  d i lu t ion .  
of hydrazine remaining a f t e r  extinguishment shown i n  Figure 8 a r e  decreased by the 

Although t h e  concentrations 

* 
A 6% alcohol-type foam was used a t  a 10 t o  1 expansion r a t i o ,  
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col lapse  of the foam blanket remaining after extinguishment, the  f a c t  t h a t  t h e  f i n a l  
hydrazine concentration may be as high a s  86 weight p e r  cent share t h a t  the concen- 
t r a t i o n  gradients  a r e  very steep. 

The mechanism of sur face  d i l u t i o n  suggests t h a t  sca l ing  fac tors  are s t rongly 
dependent on surface a rea  of t h e  f i r e  a s  w e l l  as l iquid depth and s t a b i l i t y  of  the 
foam. Any agi ta t ion  of t h e  f u e l  vould d i s t u r b  the concentration gradients  and render 
t h e  foam l e s s  e f fec t ive .  
applied a t  as f a s t  a rate a s  possible .  
uishing agent than water spray, the  ease of appl ica t ion  o f  water sprays and t h e  
required d i l u t i o n  below the  f i r e  po in t ,  which eliminates t h e  re igni t ion  hazard, make 
water sprays more a t t r a c t i v e  than foam. 

The foam should be d i s t r i b u t e d  evenly over t h e  surface and 
Although foam is a more e f f i c i e n t  exting- 

4. Dm Chemical 

A modified sodium bicarbonate  powder of  50 micron average p a r t i c l e  size was very 
e f f e c t i v e  in extinguishing f i r e s  involving hydrazine and a i r .  
when as l i t t l e  as 0.016 l b s / s e c / f t 2  w a s  appl ied,  the  f i r e s  were extinguished in l e s s  
than four seconds. The depth of burning l iqu id  had no observable e f f e c t ,  but com- 
p l e t e  coverage of the burning s u r f a c e  w a s  required before extinguishment occurred. 
This requirement is probably t h e  cause of the apparently anomalous r e s u l t s  in which 
more t h e  was required f o r  extinguishment a t  t h e  f a s t e r  rate. 
similar t o  those  obtained i n  t h e  6.5- and 324-sq in burners,  in which 0.016 lbs / sec / f t2  
extinguished the f i r e s  in less than  t h r e e  seconds. 
could be re igni ted  by t h e  hot  wi re  igniter. In prac t ice ,  therefore ,  some other  agent 
such a s  w a t e r  might have t o  b e  appl ied  in addi t ion  t o  t h e  dry chemical t o  prevent 
r e i g n i t i o n  a f t e r  extinguishment had been achieved. 

water spray at  a r a t e  of  0.6 gpm/ft2 shoved no improvement over water a s  an ex t in-  
guishing agent i n  the 6.5-sq i n  burner.  
has shown t h a t  extinguishment by dry chemical involves reac t ions  i n  t h e  flame. 

As seen in Figure 9 ,  

These r e s u l t s  are 

After extinguishment t h e  f i r e s  

A so lu t ion  of  8 per  cent  by weight sodium bicarbonate in water applied as a 

This is cons is ten t  with other  work which 

A potassium bicarbonate powder of  25 micron diameter w a s  as e f f e c t i v e  a s  the  sodium 
bicarbonate.  However, an ABC Type powder w a s  i n e f f e c t i v e  against  the  hydrazine f i r e s .  

Good r e s u l t s  
with t h i s  agent a r e  dependent on the  a b i l i t y  of t h e  extinguishing system t o  completely 
blanket  the  f i re  and thereby prevent flashover from r e i g n i t i n g  the extinguished areas. 
Dry chemicals a r e  a t t r a c t i v e  i n  t h a t  they can ext inguish the  f i r e e - i n  a comparatively 
shor t  t i m e  with t h e  minimum w e i g h t  of agent. 

Scale-up i n  dry chemical extinguishment is a function of f i r e  area. 

5. Chlorobrumomethane 

Chlorobrumomethane (CB) w a s  sprayed on hydrazine f i r e s  a t  a rate of 0.11 gpm/ft 
2 

through t h e  nozzles a l s o  used f o r  water spray. 
increas ing  the  i n t e n s i t y  of  t h e  f i r e  and producing dense white fumes. 
t inued t o  burn u n t i l  t h e  hydrazine w a s  consumed. 
guishing agent f o r  hydrazine f i r e s  under these conditions.  

The CB reacted with the  hydrazine, 

CB is  i n e f f e c t i v e  a s  an ext in-  
The f i r e s  con- 

6. Invest inat ion of Other Agents 

Several  screening t e s t s  w e r e  made t o  determine i f  chemicals other  than sodium 
bicarbonate  could i n h i b i t  t h e  combustion of hydrazine-type fue ls .  
capable of trapping the NHz* r a d i c a l  believed t o  be involved in t h e  combustion 
process,  t h i s  chemical w a s  the  f i r s t  t o  be invest igated.  When 2 weight per cent 
a n i l i n e  w a s  added t o  hydrazine, t h e  burning r a t e  of t h e  hydrazine w a s  reduced by 
only 10 per cent .  

Since a n i l i n e  i s  

Since the  a l k a l i  metal  bicarbonates in powder form were so 



.. 
I 

, 

i 

I 

1 

Number oi 
FireSlze A IcaUon 

Symbol (8s In) (Ib%c/sq ft) p r  Data Polnt 

0.018 
0.0175 

49 0.0083 3 

10 

0 0.1 0.2 0.1 0.4 0.5 0.6 0.7 0.8 

FUeL DEPPB (In) 

Flgrre 9. Effect of Fuel Depth an Extingalshment Time of Hydrazine Fire8 
by W u m  Bicarbonate. 

8 

NORMALIZED WATER SPRAY RATE-@ water/sec per gal fuel 

Figure 10. Concentration a( UDDMA in Residue Remaining After 
Extinwishment a( UDMH Fires by W a t e r  Sprays. 



19. 

e f f e c t i v e  aga ins t  hydrazine f i r e s ,  o ther  metfaode of applying a l k a l i  metal salts vere  
invest igated,  A solut ion containing 8 per  cent by weight sodium bicarbonate showed 
no improvement over a p l a i n  water spray. Since potassium iodide is very soluble  i n  
hydrazine, a so lu t ion  containing 20 grams of  potassium iodide  per 100 grams of hydra- 
z ine w a 3  burned. The combustion w a s  slowed d m  considerably by t h e  formation of a 
molten s l a g  over t h e  burning l i q u i d ,  but  a l l  of  the  hydrazine was consumed. Addition 
of 10 weight per cent bor ic  a c i d ,  (a cons t i tuent  in some ABC povdets) had a s imi la r  
e f fec t .  
hydrazine and prevent combustion. However, a s i l i c o n e  oil added t o  burning hydrazine 
formed a f i lm on the surface,  b u t  d id  not extinguish t h e  flame. 

It was thousht t h a t  an i n e r t  l iqu id  might blanket the surface of burning 

C. EXTINGUISHMENT OF UDMB FIRES 

1. Water Sprays 

As was t h e  case with hydrazine f i r e s ,  the length of time t h a t  water sprays must 
be applied before a t i n y i s h m e n t  of  UDMtI f i r e s  occurs is a funct ion of the  amount of 
f u e l  present and the r a t e  of  appl ica t ion  of the  spray. This ind ica tes  t h a t  the  
mechanism of extinguishment of UDNH f i r e s  i s  a l s o  one of d i l u t i o n  of the  burning 
l iquid t o  a concentration whicfi w i l l  not support combustion. 
a longer appl ica t ion  of spray than d id  t h e  hydrazine f i r e s  because more d i l u t e  solu- 
tions o f  uDMH w i l l  support combustion and t h e  UDMK burns a t  a slower rate, thus con- 
suming f u e l  nore slowly. Figure 10 shows tha t  the f i r e s  ia the  6.5-, 49- and 324-sq 
i n  burners were extinguished when the  UDNH concentration was reduced t o  approximately 
30 weight per cent.  This f i n a l  concentrat ion vas the  same f o r  a l l  spray r a t e s ,  pan 
diameters,  and l iqu id  depths. Since water is more dense than UDhpi, it i s  believed 
t h a t  good mixing occurred as t h e  x a t e r  s e t t l e d  through t h e  TJDMB. 

The UDMH f i r e s  required 

As was t h e  case with t h e  hydrazine f i r e s ,  t h e  la rger  f i r e s  required a longer 
appl ica t ion  of spray before they were extinguished, c f .  Figure 11. Since the concen- 
t r a t i o n s  o f  UDMH remaining i n  t h e  res idue  a f t e r  extinguishment w e r e '  comparable 
regard less  of f i r e  s ize ,  increased vaporizat ion of the water drople t s  i n  t h e  la rger  
flames would appear t o  be t h e  cause of the  increased amount of  w a t e r  required for 
extinguishment. 

The percentage of mlMH remaining a f t e r  extinguishment as a function of spray r a t e  
i s  presznted i n  Figure 12. As can be seen, f a s t e r  spray r a t e s  are more e f f e c t i v e  for  
extinguiahicg 'JDHH f i r e s  than slower rates. There is l i t t l e  o r  no change i n  the  p e r -  
centage of f u e l  remaining a f t e r  extinguishment as t h e  depth of  UDMH is increased. 
This  ind ica tes  t h a t  a baafc d i f f e r e n c e  i n  extinguishment behavior arises from the more 
c m p l e t e  and rapid mixing of water with UDMi than v i t h  hydrazine. 

2.  Foq 

Fog cxxtinguished UDMH f i r e s  by t h e  same mechanism a s  water sprays, i.e., di lut ion.  
Fog applied af a rate of 0.2 gpm/ft2 aga ins t  the  49-sq i n  f i r e s  requlred 2.13 gal /gal  
of UDMH as  compared t o  1.46 g a l / g a l  of UDMH for  water spray a t  t h e  same ra te .  
does not seem as des i rab le  as water spray aga ins t  UDMH f i r e s ,  s ince  p a r t  of t h e  fog 
evaporates and is unable t o  d i l u t e  t h e  fuel .  

Fog 

3. P ~ , a m  

Although IYDMI caused t h e  alcohol- type foam t o  break dovn, i t  nevertheless  
extingtlished UDMK f i r e s .  'As w i t h  hydrazine,  t h e  mechanism of  extinguishment appears 
to b e  one of f l o a t i n g  water on top  of the  burning l iqu id  and d i l u t i n g  t h e  sur face  
below t h e  concentration which w i l l  support  combustion. 
appl ica t ion  of water, concentrat ion gradients  a r e  set up and t h e  average concentratioas 
o f  35-55 weight p e r  cent are w e l l  above t h e  minimum concentrations which support corn- 
bustion. Figure 13 i l l u s t r a t e s  t h i s .  As seen from F i m e  14, the  r e l a t i v e  amount of 

. Because t h i s  i s  a g e n t l e  

l i q u i d  required f o r  extinguishment decreases  as  the  f u e l  depth i s  increased because 
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of t h e  concentration gradien ts  mentioned above. 
creased by faster appl ica t ion  rates. 
the  amount of  foam required per ga l lon  o f  f u e l  a t  any given depth.  
f ac to r  would therefore  be a function of volume o f  fue l ,  depth of fue l ,  and -appli- 
ca t ion  r a t e .  

The e f fec t iveness  o,f foam is in- 
Increas ing  the  pan diameter d id  not increase  

The sca l ing  

A s  was  t h e  case  with hydrazine f i r e s ,  foam is a more e f f i c i e n t  method o f '  
However, i f  an adequate supply of  applying water t o  WMH f i r e s  than is spray. 

water is avai lab le ,  t h e  ease of app l i ca t ion  and t h e  f a s t e r  rates at  which it can 
be applied make water spray more a t t r a c t i v e .  

4 .  Dm Chemical 

Sodium bicarbonate powder r ap id ly  extinguished UDHH f i r e s .  When t h e  dry chemical 
was applied a t  rates of 0.0175 o r  0.0083 lb / sec / f t2  and when complete coverage of the 
sur face  was obtained, a l l  f i r e s  were extinguished i n  less than 5 . 2  seconds. F i r e  
size was  varied from 6 . 5 -  t o  324-sq i n  and depth of f u e l  from 0.093 t o  0.47 inch. 
I f  complete coverage w a s  no t  obtained, t h e  f i r e  flashed over t h e  su r face  when t h e  
flow o f  agent was stopped. 
r e ign i t ed  by a hot vire. 
extinguishment is important o r  when a minimum amount of  agent must be applied.  

AB w a s  t h e  case wi th  hydrazine, t he  f i r e  could be  
Dry chemical is p a r t i c u l a r l y  s u i t a b l e  when speed of 

5 .  Vaporizable Liquid Agents 

As shown below, trichlorotrifluoroethane extinguished 6.54-sq i n  UDlM f i r e s  
when applied a t  a rate of 0.5 gpm/ft2. 
extinguishment, but burned less in tense ly .  S ince  trichlorotrifluoroethane has a 
bo i l ing  point of 115.7OF, and t h e  f i r e  po in t  of  UDMH is 34'F, cooling of  the  UDMH 
does not appear t o  be a mechanism of  extinguishment. Although dense whi te  fumes 
were given o f f  when t h e  trichlorotrifluoroethane contacted t h e  burning UDHH, t he re  
was no increased i n t e n s i t y  of t h e  f i r e  such as occurred when chlorobromomethane 
was added t o  hydrazine. 
l imited access t o  t h e  f i r e  is avai lab le .  
than water spray o r  foam. 

The f i r e s  could be r e ign i t ed  a f t e r  

Trichlorotrifluoroethane might be use fu l  i n  loca t ions  where 
It appears t o  be somewhat more e f f e c t i v e  

Xxtinguishment of  UDHH F i r e s  by Trichlorotrifluoroethane: 

Liquid Depth Extinguishment Time Gallons of  Agent 
(inches) ( 8  econd 8 ) per Gallon o f  

UDm 
0.093 6.9 0.99 
0.186 6 . 7  0.48 
0.279 9 . 5  0.45 
0.372 2 4 . 0  0.86 

Notes: 

1. Application rate: 0.5 gpm/ft 
2 .  UDMH temperature: 80°F 
3 .  R e b u r n  time: 10 seconds 
4 .  F i r e  Size: 6 . 5  sq i n  

2 

D. ECTINGUISHPENT OF PZRES INVOLVING A MIXTURE OF HYDRAZINE AND UDHH 

Although an inves t iga t ion  of  f i r e s  involving a mixture of  50 p a r t s  each by 
weight hydrazine and UDMH is incomplete, enough da ta  have been obtained t o  ind ica t e  
t h a t  t h i s  mixture b e a v e s  very much l i k e  pure UDHH i n  regard t o  burning rate and 
quant i ty  of agents required for extinguishment. The reason is t h a t  t h e  vapor pres- 
su re  of  UDMI is much greater than that of  hydrazine, so t h a t  t h e  vapors above t h e  
mixture are e s s e n t i a l l y  UDMR. 



I n  addi t ion  t o  t h e  agents appl ied t o  UDME f i r e s ,  severa l  o t h e r  agents have 
been tes ted  aga ins t  small f i r e s  involving the  mixture. 
t r i f l u o r w e t h a n e  and carbon dioxide.  

These agents were bromo- 

2 2 

f a i l e d  t o  extinguish f i r e s  involving the 50-50 mixture I n  the 6.54-sq in burner .  
agent w a s  appl ied in gaseous form and directed on the  f i r e  both from above and from 
t h e  s ide.  
with other  methods of appl icat ion.  

Bromotrifluorwethane, when appl ied a t  a rate of 0.04 l b / s e c / f t  (0.18 g d f t  ) *  
The 

It did not  reac t  with t h e  burning fuel .  Further tests a r e  i n  progress, 

Carbon dioxide when appl ied at  a rate of 0.17 lb / sec / f t2  f a i l e d  t o  extinguish 
f i r e s  involving the 50-50 mixture i n  t h e  6.54-sq i n  burner.  
applied In t h e  gaseous form and no attempt was  made t o  d i r e c t  "COz e n d '  on t h e  
f i r e .  

The carbon dioxide was 

111. CONCLUSIONS 

Based on r e s u l t s  to d a t e  t h e  following cmclus ious  are drawn: 

1. Hydrazine f i r e s  can be  extinguished by water sprays,ualcohol-cype foams, 
o r  dry chemical powders containing pr imari ly  sodium bicarbonate. Water sprays a r e  
bes t  su i ted  f o r  sp i l l - type  f i r e s .  A t  l e a s t  one gal lon of water per gallon of  f u e l  
must reach the sur face  o f  the  burning l iquid.  Foams can b e  used for  deep pools o r  
i n  chases where t h e  water supply is limited. 
where rapid extinguishment I s  necessary o r  when t h e  mount  of agent ava i lab le  is 
l imited,  and where r e i g n i t i o n  is n o t  a problem. 
used aga ins t  hydrazine f i r e s .  

Dry chemicals should be  used In cases 

Chlorobromomethane should not  be 

2. ODM f i r e s  may be extinguished by w a t e r  sprays,  alcohol-type foams, d r y  
chemical powders containing pr imari ly  sodium bicarbonate,  o r  t r i c h l o r o t r i f l u o r o -  
ethane. Water sprays a r e  b e s t  s u i t e d  for  s p i l l - t y p e  o r  deep-pool f i r e s .  Dry 
chemicals a r e  e f fec t ive  when rapid extinguishment is necessary or when the  supply 
of agent is l imited,  and r e i g n i t i o n  is not a problem. 

3.  Fires  involving the 50-50 mixture of hydrazine and UDMH behave essent ia l ly  
a8 UDMH f i r e s .  
mixture as f o r  f i r e s  consis t ing of pure UDMH. 
carbon dioxide have extfnguished f i r e s  involving the 50-50 mixture, in tests to 
date.  

The same q u a n t i t i e s  of agents a r e  required for  f i r e s  involving the 
Neither bromotrifluoramethane nor 
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by.  J,B. :mrgoyne q c i  i l .J .Stee1 

Imper i a l  Col legc,  London, S.I.;.?. 3hglmd. 
Departjmnt of Chenictzl :bg ineer i i ig  6: Clieitiical Technolo2;y 

T h i s  i n v e s t i , p t i o n  f o r i n s  >art of' ;z grogranune o f  
r e s e a r c h  i n t o  f l a i e  propagat ion  phenomena i n  syotems i n  yhich  t h e  
*as phase i s  nccor!i-:,anled by a p h y s i c a l l y - d i s t r i b u t e d  l i q u i d  phase 
4e.g. spray  , foar.1 or f i l i n  ) which p l ays  some y r t ,  e i t h e r  ar; a 
f u e l  o r  as a su'i);)i*eaEcuit, iri.  t h e  conbust ion process .  In  the  
p r e s e n t  insta.nce t h e  ob jrsct was t o  ex;rr!iii?c t h e  cxtcil t  t o  which 
t h e  i'1anlmabilil;y rsJ1i;e o f  a methane-air .  mixture  i s  r e s t r i c t e d  by 
i n c l u s i o n  i n  matcr Pecans o f  def ined  p r o p e r t i e s .  So far  as we 
a re  aware this  s u b j e c t  , iiad n o t  p rev ious ly  been s t u d i e d ,  excelit 
f o r  Some p r e l i m i n n r g  e;:per.irnents (as y e t  unpubl ished)  cn ix i ed  o u t  
a t  t h e  Safe ty  i n  I:!ines j2esear.c.h z s t ab l i shmen t  a t  Uuxto.n, i?hglanil, 
tlirou.211 ~ / h i c h  t h o  ] ? i * ~ b l ~ ! ~  : f i r s t  came t o  our  a t t e n t i o n .  The 
i x ' l u e n c e  o f  1i:ater Vapour upon t h e  f l m f m a b i l  ' t r:::n;:o of r:iet!lz.ne 
i n  air. h ~ s  beon L i tud ieq -y  Coward 
:;hniil:mn L- j ; mil y:illett j) lins exan.iineil tilt e i ' i cc t  of viater 
spr ' ay  on the  f l c ~ : u ~ i a b i l i t y  o f  bu tane  i n  air. 

f l m n a b i l i t y  range vias sought  were VJetnesstt  and. bubble s i z e .  
lf!'letnesall wad clefivied by ai i n v e r s e  f u n c t i o n ,  t he  11ex;2ansion 
r a t i o " ,  vrliich xa3 t a k e n  t o  be the  r a t i o  of t h e  voluiiie of c ce r -  

i n  q u m t i t y  o f  fo:ll:i -bo the  volume o f  l i q u i d  t h e r e i n .  A n  ob jec t  
t h e  [ ~ ~ ~ ~ ~ ; ~ ~ ~ ~ i ~ ! i ( - ; ~ . i ~ ~ . , l  l!iethod o f  Xoam gene ra t ion  x i s  t o  I-:-ttain uni-  

form bubble-s ize  th7'or.giiout any p a r t i c u l a r  foam m d -  tlie s i z e  ~rnq 
def ined  by a i;icwi : i imie t e r .  

C l e a d a l l t l r  and by Yea1:r C 

The f o m i  p r o p e r t i e s  w i t h  which correlation of t h e  
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h e i g h t  before  tui-ning i n t o  t h e  . h o r i z o n t a l  f l a r m a b i l i t y  t e s t i n g  
tube.  This cons i s t ed  of a perspex tube  29 i n .  i n t e r n a l  d iameter  
and some 4 f t .  long  which was ,cont inuous ly  ro t a t edabou t  i t s  a x i s  
s o  as to ,minimise  dra inage  from the ' roan t r a v e l l i n g  a long  it ,  
P o w  emerging f rom t h e  end of t h e  tube  f e l l  i n t o  an open waste 
r e c e i v e r .  

a t  any t ime by applying 9 one-inch coa l  gas  flame t o  t h e  open 
end and see ing  ' n h e t h e r  o r  n o t  flame would propagate  throughout  
t h e  con ten t s  of the  tube.  The products  of  p ropagat ion ,  i f  any, 
were swept ou t  by t h e  oncoming foam. in  r e a d i n e s s  f o r  ano the r  
t e s t .  The r a t e  o f  f10W of foam along t h e  tube  d i d  riot exceed 
1. cm/sec. whereas t h e  minimum r a t e  of flame propagat ion  was 
1 2  cm/sec. The :C101.v of  foaiii d i d  n o t ,  t h e r e f o r e ,  i n t e r f e r e  with 
' f l a m m a b i l i t y  t e s t i n g .  

The foam p r o p e r t i e s  were measured on samples' emergin& 
from the  end o f  t h e  tube.  Sxpansion r a t i o  was measured by allow- 
i n g  a knovm volume o f  foam t o f a l l  i n t o  a measuring v e s s e l  con- 
t a i n i n g  a l a y e r  o f  hexanol as sepa rab le  foam -breaker ,  and 
measuring t h e  volume o f  t h e  aqueous l i q u i d  formed, Bubble s i z e  
was measured by a l lowing  t h e  foam t o  f a l l  i n t o  a f la t -bot tomed 
perspex r e c e i v e r  con ta in ing  a t h i n  l a y e r  of t h e  d e t c r g e n t  so lu-  
t i o n .  The foani \"1a3 photographed through t h e  bottom of this 
r e c e i v e r ,  which vias inec r ibed  y i t h  a cm. s c a l e ,  and a f t e r  s u i t a b l e  
enlargement o'r t h e  p l a t e ,  t h e  mean diamet.er of  some 250 bubbles 
vias found by rneasureraent . 
d i s t i l l e d  water  o f  V e r l a n k r o l "  ( L a n k r o  Chemical9 L t d . ,  Eccles, ,  
Xanchester ,  2ni;land) and ,had  a s u r f a c e  t e n s i o n  o f  26.3 dynes/om. 
a t  20°C, as measured by i the  c a p i l l a r y  r i s e  method. 

The e::pansion r a t i o  o f  t he  f o x d  could be c o n t r o l l e d  by 
t h e  g m  flow (bubbl ing)  r a t e  and a l s o  by vary ing  the h e i g h t  of 
t h e  fo 'm drai ,nage column. Bubble s i z e  was p r i m a r i l y  co .n t ro l led  
by t h e  mesh o f  the copper gauze through {which bubbl ing t o o k  p l a c e ,  
b u t  'was also inf luenced  hy t h e  g a s  f l o w  r a t e .  &proximate ranges 
of v a r i a t i o n  a v a i l a b l e  f o r  s a t i s f a c t o r y  use  were: expansion r a t i o  
20 t o  1500; bubble cli,ameter 1 t o  4.5 mm. 

Wi%h a gauze a p p r o p r i a t e  t o  the bubble s i z e  r e q u i r e d ,  t h e  a i r  
f l o : ' ~  was ad jua tcd  t o  g ive  approximately the d e s i r e d  expansion ' 

r a t i o .  Methane -,vas t h e n  added t o  t h e  gc4.s stretun and i t s  f lovi  
r a t e  ad jus ted  t o  g ive  a l b i t  n i x t u r e  i n  t h e  foam, 3s judged by 
repeated.  f l w x n a b i l i t y  t e s t s .  Samples o f  foain were t h e n  taken 
f o r  measurerwut of p r o p e r t i e s  and t h e s e  v~ere recorded  a g a i n s t  
t h e  1iroi.t gas mixture  composition as determined from t h e  f l o w  
meter  readings .  

I n f l a n m a b i l i t y  of t h e  foam i n  t h e  tube  could be t e s t e d  

The d.etergent s o l u t i o n  cons i s t ed  o f  a 1% s o l u t i o n  i n  

"he method of  conductin,b an experiment 1 ; ~ s  as f o l l o w s .  

Resu l t s .  
I n  the :tbseiice of f o a x ,  t h e  ilarilIi1ability l imits of t h e  
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methane i n  a i r  i n  t h e  h o r i z o n t a l  tube were 5.41 &nd 13..94 vox.-$, 
I n  t h e  presence .of Xom t h e s e  were narrowed t o  v a r y i n g  ,degrees .  
The narrowing was i n  g e n e r a l  i nc reased  with decreas ing  bubble 
s i z e .  The e f f e c t  of va ry ing  expansion r a t i o  (R) waci however 
somewhat complex. It i s  i l l u s t r a t e d  by a few f i g u r e s  i n ,  t h e  
accorapanyiiig t a b l e ,  b u t  may be sunirnarised a8 followo: 

(1) Por va lues  of  li between 1500 ( t h e  h i g h e s t , u s e d )  an$ about,.. 
3 0 0 ,  t h e  flamniable range  narrowed with decreaoin$ H ( i nc reas ing ,  
we tness ) ,  and a t  500-250 reached a minirnum, which f o r  t h e  s m a l l o r  
bubble s i z e s  e o u n t e d  t o  coinplete suppression.  

( 2 )  F o r  value3 o f  H between 300 en& 70, t h e  flarumhble range 
widened aga in ,  Teaching a maximum u t  about t h e  l a t t e r  va lue .  

( 3 )  %'or va lues  of 11 below 70, t h e  flanuiable range aga in  con- 
t r a c t e d  with inc rees i r ig  wetness  and with R about 20 ,  flartie prop- 
a g a t i o n  crensecl. 

I n  r e g i o n s  (1) and ( 2 )  t h e  flariie f r o n t  was almost f l z t  
and v e r t i c a l .  :,'itii t h e  d r i e s t  foams i n  r eg ion  (l), a d e f i n i t e  . .  
gap appeared between t h e  f lame-front  and t h e  c o l l a p s i n g  foam 
ahead. I n  b o t h  r e g i o n s  sp ray  a r i s i n g  f'roln t h e  c o l l a p s i n g  foam 
could be seen  i n  and. n e a r  t h e  fla!ae-front.  

, 

I n  reg ion  ( 3 ) ,  t h e  passage o f  t h e  flame d i d  no t  r e s u l t  
i n  complete d e s t i w c t i o n  of  t he  foam. Kernels  of flame t r a v e l l e d  
independent ly  o f  one a n o t h e r ,  l eav ing  behind cons ide rab le  al-nounty 
of unconsumed f o a n .  

A convincing demdnst ra t ion  of t h e  ex i s t ence  o f  r eg ions  
(1) and ( 2 )  could be provided by al lowing an i n i t i a l l y  non- 
flammable 9 0 m  of e::pansion r a t i o  about 300, mean bubble size 
1.50 nun. con ta in ing  a 95: methane-air  mix ture ,  t o  d r a i n  f o r  a.bout 
20 sec .  by st'oppin;i; the r o t a t i o n  of the  tube ,  p r i o r  t o  i g n i t i o n .  
The upper and l o a e r  h a l v e s  o f  t h e  foaui could then  be i g n i t e d  
s e p a r a t e l y  .an!! would propagate  flame independent ly  l eav ing  un- ' 
consurned a c e n t r a l  l c y e r  yome 2 cm. t h i c k .  Due t o  dra inage ,  t h e  
u p p e r  and loser l a  e r o  had liloved r e s p e c t i v e l y  i n t o  i?egiono (1) 
(clrg ) and ( 2 )  (wety , l e a v i n g  t h e  c e n t r a l  l a y e r  non-flammable 
between t h e  two r eg ions .  

Discuss ion .  

The f s c t  t h a t  t h e  limits of  f lnuunabi l i ty  i n  foams o f  f i x e d  
bubble s i z e ,  bu t  varying expansion r a t i o ,  a r e  g e n e r a l l y  s y m e t r i - .  
c a l  abou5 the s t o i c h i o m e t i c  iiiethane-air mix ture ,  and converge upon 
i t  when :convergence occurs, suggest.; t h ~ t  t l z e  princip:::l f u n c t i o n  
of' t i l e .  foar:i i s  t o  a b s o r b  t h e  w a i l a b l e  e n e q g  i n  t k i ?  mi::ture. >'.or 
flame propsga t ion  t o  coi.:tinv.e, s o w  o f  t energy ye leaned  by 
mi::tLIre burriirig i n  one bubble muot be uead t o  rup'hme -the 'iTi!',lla oT' 
t h e  bubble and DO :gein :.:cceos t o  unburnt  mixture  i n  ad jacen t  
bubble::. The h e a t  t r a n s f e r r e d  l'roiii t h e  e : i is t in  I' Plnriic f r o n t  
towards the  .unburn t  iiii::-ture t h u s  r e l eased  w i l l  be shared by such 
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Selec ted  va lues  of lower and upper  f l a m m a b i l i t y  l i m i t s  (v01.-$) 
methane i n  air i n  foam of va ry ing  expansion r a t i o ,  b u t  approxi- 
mately constsnt bubble diameter = 1.5 - 1.8 nun. 

Expansion ratio 
38.5 
5 3 . 3  
82.6 

130 
189 
217 
273 
321 
438 
598 
692 
878 
a, (dry) 

Lower l i m i t  
7.87 
7.50 
7-29  
7.44 
8.24 
8-77  
9.43 
9.35 
9.04 
8.72 
7.56 
7.48 
5.41 

Kxpansion r a t i o  
37.8 
43.1 
79.3 

12 6 
179 
262 
280 
325 
436 
586 
701 

( d r y )  

Upper l i m i t  
11.55 
11.93 
11.94 
11.68 
10.57 

9.66 
9.50 
9.68 
9.92 

10.86 
11.19 

1 3  94 
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THERMOGRAVIMETRIC AND DIFFERENTIAL THE- ANALYSIS 
O F  WOOD AND OF WOOD TREXTED WITH INORGANIC SALTS 

DURING PYROLYSES 
A Progress Report 

by Frederick L. B r o w e ,  chemist 
and W a l t e r  K. Tang, chemical engineer 

2 Forest  Products Laboratory, Forest Service, U.S. Department of Agriculture- 

Burning of wood i s  preceded by pyrolysis to form gases and vapors anda solid residue 
of charcoal; some of the gases and vapor,s can burn in flames when mixed with air, 
and the charcoal can burn in air by glowing without flame. Empirically it has long 
been known that flaming combustion cap be retarded by impregnating wood with suit- 
able materials, such as certain inorganic salts. Although a number of theories of 
flame-retardant action have been proposed w2 the mechanism of wood' s combustion 
and the effect of chemical treatment on it remain uncertain. It appears most likely 
that the best flame retardants ac t  by altering favorably the preliminary step of wood 
pyrolysis. 

The present research was undertaken to study the mechanism of wood pyrolysis and 
the effect of chemicals on it by the methods of thermogravimetric and of differential 
thermal analysis. 
much further work will be needed before their siguficance can be fully established. 

In dynamic thermogravimetric analysis, wood samples were weighed and the weight 
recorded continuously and automatically as a function of the temperature attained by 
the sample while it w a s  being heated in a stream of nitrogen with the temperature 
rising steadily at a linear rate. Such graphs disclosed the threshold temperature for 
active pyrolysis, the range of temperature within which most of the pyrolysis occurred, 
and the yield of char (or  extent of volatilization) when pyrolysis was practically com- 
pleted. 

In static thermogravimetric analysis, the sample weight was recorded as  a function of 
time at constant temperature a t  each of a series of temperatures f rom about the t h r e s -  
hold for active pyrolysis to a temperature at which pyrolysis became inconveniently 

Results so far indicate that the methods a re  promising but that 

1 
-The  work here reported was financed in part by a grant from the National Science 

2 
-Maintained a t  Madison, Wisconsin, in cooperation with the University of Wisconsin. 
3 -Numbers in parentheses refer t o  literature cited at  the end of this report. 

Foundation and in cooperation with the Koppers Company, Pittsburgh, Pa. 
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rapid. Such graphs served as a basis for calculating reaction rate constants and 
activation energies fo r  an early stage of pyrolysis. In differentialthermal analysis 
the difference in temperature between wood o r  treated wood and a reference material 
was recorded continuously as a function of the sample temperature whi le  bothsample 
and reference material were being heated with the furnace temperature rising steadily 
a t  a linear rate. Such graphs revealed the occurrence of endothermic o r  exothermic 
reactions at the various levels of temperature and a rough estimate of the relative ex- 
tent of evolution or absorption of heat. 

Apparatus 

A thermogravimetric balance made by theAmerican Instrument Companywas used 0. 
The sample to be pyrolyzed was suspended from a calibrated spring, all within a glass 
enclosure that could either be evacuated or supplied with a gas flowing at a controlled 
rate. 
encompassed by an electric furnace that was either preheated to a desired constaat 
temperature or else was programmed to r ise  in temperature a t  apredeterminedlinear 
rate. Movement of the balance spring was picked up by a transducer and demodulator 
and the impulse transmitted to the y-iuds of an x-y recorder. The x-axis could be set  
to record the temperature attained by the sample a s  measured by a thermocouple 
located about 5 millimeters below the sample in the reaction chamber; or ,  by the flick 
of a switch, the x-axis could be set  to  record time instead of temperature. When the 
x-axis was se t  to record temperature, there w a s  provision also for a discontinuous 
record of time in the form of pips scribed in the curve at intervals of 1, 5, or 20 
minutes. 

The lower portion of the glass enclosure, the reaction chamber, could be quickly 

By a simple modification, the thermogravimetric balance w a s  adapted for differential 
thermal d y s i s .  
and demodulator of the weighing system and to substitute for it the input from a dif- 
ferential thermocouple with one junction in the sample and the other junction in a 
reference material. Sample and reference material were contained each in its own 
glass tube with stopper carrying a thermocouple well  and inlet and outlet tubes through 
which either vacuum or a s t ream of nitrogen could be applied. The nitrogen entered 
the tube through a glass sleeve at a point slightly above the level of the sample or 
reference material and discharged, together with any volatile products, from the top 
of the tube. 
cylinder, which in turn fitted into the cylindrical chamber of the electric furnace of the 
thermogravimetric balance, now become a differential thermal balance. 

A switch was provided to disconnect the impulse from the transducer 

Sample tube and reference tube slipped into wells drilled in a metal 

Preparation of Samples 

The size and shape of wood samples may affect the rate of pyrolysis and the yield of 
products because the diffusion of heat into the interior of the sample and the escape of 
volatile products f rom the interior enter into the overall process. Within thick samples 
the temperature at any instant varies more than in thin samples; the yield of char is 
greater for thick than for thin samples because volatile products formed at first under- 
go secondary pyrolysis. yielding tar coke to add to the wood charcoal if the volatile 

? 
*' 

\ 
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products cannot escape fast enough. 
significant, pyrolysis in vacuum proceeds faster  and yields less char than pyrolysis 
a t  atmospheric pressure. 

When delayed escape of volatile products is 

Since the present purpose was to study as nearly the initial stage in pyTOlySiS a s  
possible, it was necessary to minimize the effects of diffusion of heat and volatile 
products. 
wood with a tool designed especially. for the purpose, accomplished the objective re- 
markably well. 
thermogravimetric analysis in nitrogen at atmospheric pressure nearly coincided with. 
a curve for pyrolysis in a vacuum. Similar experiments with samples in the form of 
dowels about 1 centimeter in diameter showed that in nitrogen the pyrolysis proceeded 
much less rapidly and the yield of char at the end of active pyrolysis w a s  much greater 
than in vacuum. 

Use of veneer (shavings) 0.16 millimeter thick, cut from green o r  resoaked 

This is demonstrated in figure 1, in which the curve for dynamic 

Ponderosa pine sapwood samples 0.16 by 46 by 47 mm. have been used for most of the 
tests so far. Samples were conditioned at 27" C. and 30 percent relative humidity. 
Those to be impregnated with a salt were immersed in aqueous solution of suitable 
concentration to provide the desired degree of treatment, evacuated €or 30 minutes, 
left immersed at atmospheric pressure for approximately 2 hours, removed, wiped to 
remove excess solution, dried, and conditioned at 27" C. and 30 percent relative hu- 
midity. The quantity of salt retained by the wood was calculated as the difference be- 
tween the equilibrium weights before and after treatment corrected for a loss of ap- 
proximately I. 5 percent of water-soluble components of the wood to the treating 
solution, as determined by similarly impregnating matched wood specimens wi th  dis- 
tilled water and reconditioning them. 

For differential thermal analysis, ponderosa pine sapwood was ground to particles less 
than 0.25 mm. in diameter. Samples to be treated were placed on a g l a s s  filter, re- 
peatedly washed with aqueous solution with the aid of suction, drained w i t h  suction for 
about 30 minutes, dried, and conditioned at 27" C. and 30 percent relative humidity. 

Inorganic Salts Tested 

Tests have been made so far with the inorganic salts listed in table 1, together with 
the residual weight left at 200", 250", and 400" C., respectively, when a sample of 
the salt was subjected to dynamic thermogravimetric andysis  under the conditions 
described farther on for examination of wood treated wi th  the salt. 

Data in handbooks state that those of the salts that contain water of crystallization lose 
it before the temperature reaches 200" C. The ammonium phosphates and ammonium 
chloride begin to decompose before they reach a melting point. Amn=onium suEunate 
melts at 132.9" C. and-begins to decompose to ammonia and sulfamic acid at  160" C. 
A m m o n i u m  sulfamate and ammonium chloride a r e  distinctly volatile and sublime com- 
pletely at  temperatures well below 400" C. Ammonium chloride changes f rom the Q 

to the B f o r m  with a heat effect at 184" G. The four remaining salts do not melt, de- 

compose, or sublime before reaching temperatures at which active pyrolysis of wood 
has been completed. 
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sapwood veneer 0.16 mm. thick. The lignin w a s  sulfuric acid lignin from aspen in the 
form of fine powder. The @-cellulose was from southern yellow prne in the form of a 
thin felted mass. The differences in origin and form of the samples do not impair 
qualitative comparison of the three materials in view of the great differences in  the 
course of their pyrolyses. 

The loss in weight of 5 percent for cellulose and of 6 percent for wood and l i b i n  re- 
corded at 200" C. in figure 2 had actually been attained already at 100' C. and repre- 
sented moisture in the samples initially. 
sis began near 220" C. for both wood and lignin, but not until 275" C.for cellulose. 
On the other hand, pyrolysis of cellulose proceeded very rapidly as temperature rose 
still further, whereas the pyrolysis of lignin accelerated very slowly. 
sis w a s  essentially complete at 400" C. w i t h  a yield of char of only 15 percent, which 
decreased to 9 percent at  800' C. Lignin at 400" C. still was 70 percent unvaporized 
and, at 800" C. ,  was 45 percent unvaporized. 

Further loss in weight attributable to pyroly- 

Cellulose pyroly- 

The relatively sudden collapse of cellulose within a narrow range of temperature and 
the slower disintegration of lignin over a broad band of temperature perhaps a re  ex- 
plicable from the nature of their macromolecules. 
of a single monomer of moderate size,  may well follow a shorter and less involved 
path to complete pyrolysis than the more intricate macromolecule of lignin with its 
more varied constitution of aromatic nuclei connected by s t ra ight-ckin links. The 
indication that the threshold temperature of pyrolysis is  lower for lignin than for cellu- 
lose seems at  first to conflict w i t h  much of the literature m, which holds that the 
hemicellulose in wood pyrolyzes most readily, the cellulose less so, and the li-sain 
least  readily; but the apparent conflict is easily reconciled, because only a small frac- 
t ion of the lignin has been lost at temperatures at which the cellulose is already com- 
pletely pyrolyzed. 

Cellulose, a s  a repeating polymer 

Figures 3 and 4 present similar thermogravimetric curves for ponderosa pine treated 
with all the salts listed in table 1 except monobasic ammonium phosphate, which is 
omitted from the figures because its performance was  almost identical with that of 
dibasic ammonium phosphate. 
initial loss in weight before 200" C. was  increased correspondingly. If the curves 
were adjusted to s tar t  f rom the anfiydrous weight as 100 percent, the curves for wood 
treated with sodium borate and sodium phosphate would as nearly coincide with the 
curve for untreated wood up to 300" to 350" G. as the curve for treatment with sodium 
chloride actually does. 
for potassium carbonate reveal distinctly faster pyrolysis than that of untreated wood 
in a region between approximately 200" and 300" C. 

Beyond about 350" C. the weight of char from wood treated with any one of the salts 
exceeded the weight of char from untreated wood. The char from some but not all of 
the treated samples still contained the injected salt o r  products of i ts  decomposition. 
To lsarn the yield of wood charcoal on completion of active pyrolysis of the treated 
samples, correction must be made for any inorganic residue in the char. 
residue at any temperature up to 400" C. was  estimated by thermogravimetric analysis 
of each salt by itself. 
weight at  the same rate and to the same extent in the presence a s  in  the absence of 
actively pyrolyzing wood, an assumption that may require more careful examination 
at a later stage in the  research. 

When the salts contained water of crystallization, the 

On the other hand, the curves for the three ammonium salts and 

Such 

The procedure involves the assumption that the salt loses 
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Hunt, Truax, and Harrison 0, on the basis of laboratory tests by the fire-tube 
method, described the salts marked I in the last column of table 1 as "chemicals 
that have a considerable effect in retarding flame in light absorptions and a marked 
effect in heavy absorptions." They did not test  ammonium sulfamate. but subsequent 
tests at the Forest Products Laboratory place i t  in group I. Salts of group TI were 
described a s  "chemicals that have a very minor effect in retarding flame in light a b -  
sorptions but a marked effect in heavier absorptions." salts of group El as "chemicals 
that have a moderate effect in retarding flame when present in wood in large quantities" 
and salts of group IV as "chemicals that have a noticeable but not important effect in 
retarding flame even when present in wood in large amounts. I '  

Experimental Procedure 

For  thermogravimetric analysis, a sample of 0.16-mm. veneer weighing b e h e e n  0.25  
and 0 . 5  gram was suspended from the balance spring in a central position in the 
pyrolysis chamber. 
of the sample just spanned 100 divisions of the graph paper and the x-axis was set to span 
the range in sample temperature to  be studied. The system w a s  evacuated and then 
flushed with nitrogen three times to remove air with its oxygen from the sample and 
the pyrolysis chamber. 

The y-axis of the recorder was so calibrated that the full weight 

For  dynamic thermogravimetry the furnace, still unheated, was  raised into position 
enclosing the pyrolysis chamber, heating was started a t  the programmed linear rate 
(usually 6" C. a minute), flow of nitrogen through the system was established at the de- 
s i red rate ksually 2 l i ters a minute), and the recording mechanism was set in motion. 
The recorder scribed the decrease in sample weight in percent of its initial weight 
against the temperature attained by the sample and also indicated the lapse of time by 
pips scribed at  5-minute intervals. 

For static thermogravimetry the furnace was brought to. a constant temperature selected 
in  advance and w a s  then raised to enclose the pyrolysis chamber. The recorder was set  
in motion when the furnace reached its position with the x-axis of the recorder charting 
sample temperature together with 1-minute pips until the constant furnace temperature 
was nearly reached (usually in 13 to 15 minutes), after which the x-axis was switched 
to record time instead of temperature. 

For differential thermal analysis the sample tube was packed with about 5 g. of ground 
wood and the reference tube w a s  packed to an equal depth with alumhum oldde. Alter- 
natively, for certain tests the sample tube contained chemically treated wood and the 
reference tube untreated but otherwise similar wood. 
furnace was set  to rise in temperature at the rate of 12" C. a minute until it reached 
600" C. 
reference material against the temperature attained by the sample. 

With tubes in position, the 

The recorder charted the difference in temperature between sample and 

Re s ult s by Dynamic The rmo gr avime try 

Figure 2 records the portion of the dynamic thermogravimetric curves between 136-d 
400" C. obtained for wood, lignin, and a-cellulose. The wood was ponderosa pine 
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From the yield of char as indicated by the curve in figure 3 o r  4, corrected for the 
content of salt or its decomposition product, and from the content of dry wood easily 
calculable from the weight at 150" C., the extent of volatilization of th dry wood 
substance originally present in the sample -9 calculated for sample temperatures 
of 250' and 400" C. and is recorded in table 2, together with the temperature at which 
active pyrolysis began, the content of anhydrous salt in the sample before pyrolyzing, 
and the practical classification of the salt for flame retardance. 

Untreated wood began to pyrolyze actively at 220" C., was volatilized at 250" C. to  
the extent of 4 percent only, but a t  400" C. volatilization attained 76 percent. 
treated with one of the ammonium salts began to pyrolyze at much lower temperatures, 
150" o r  180" C., was much more extensively volatilized than untreated wood at 250" C., 
but was much less extensively volahlized than untreated wood when active pyrolysis 
was  essentially completed at  400" C. 
the onset of wood pyrolysis slightly (to 210" C.), increased volatilization of wood at 
250" C. significantly. but somewhat l e s s  than the ammonium salts,  but did not dimin- 
ish the volatilization of wood at  400" C. so much as the ammonium salts did. 
three sodium salts failed to alter the temperature at which wood pyrolysis began and 
increased the volatilization of wood at 250" C. little if  at all. At 400" C., however, 
sodium tetraborate restricted volatilization of wood about as much a s  the ammonium 
salts did, whereas sodium phosphate and sodium chloride permitted nearly a s  much 
volatilization of wood as occurred wi th  untreated wood. 

Apparently, the extent to which a salt  might lower the temperature at which pyrolysis 
began depended on the nature of the salt but not, within wide Limits, on the quantity of 
salt in the wood. On the other hand, those salts that increased volatilization of wood 
at 250' C. seemed to effect greater increase the greater the concentration of the salt. 
The salts that a r e  highly effective flame retardants seemed to decrease thevolatiliza- 
tion of wood at 400" C. to a greater extent the higher the concentration in the wood be- 
fore heating, even though some of them, such as ammonium sulfamate and ammonium 
chloride, had been driven off completely before the temperature reached 400' C. 

Wood 

Treatment w i t h  potassium carbonate advanced 

The 

Sodium tetraborate differed from the other salts of group I for flame retardance i n  
that it failed to lower the temperature at which pyrolysis began o r  to increase the 
volatilization of wood at 250" C. Sodium borate did, however, decrease the volatiliza- 
tion of wood significantly at 400" C. 

Results by Static Thermogravimetry 

The effort to study the kinetics of wood pyrolysis by static thermogravimetry presented 
problems that have not yet been solved satisfactorily. 

The pyrolysis of wood usually has been considered amenable to treatment as a pseudo 
first-order reaction @,&2,G,L7). 
at each of a succession of temperatures not too far above the threshold temperature 
for  active pyrolysis, and the logarithm of the as yet unvolatilized fraction of the wood 
ultimately volatilized at the given temperature w a s  plotted against the time since heat- 
ing began. 
minutes required for the sample to attain the constant furnace temperature had to be 
i p o r e d .  Beyond this point, the charts took the form of straight lines from the slopes 

The rate of loss in weight w a s  therefore recorded 

The weight loss of as much a s  35 percent during the period of some 15 
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of which velocity constant for each temperature was calculated. The slope of plots 
of the logarithm of the velocity constants against  the reciprocal of the absolute tern- . 
perature, which proved linear, yielded the activation energies given in table 3. 

. 

Results by Differential Thermal Analysis 

Curves for differential thermal analysis of wood, a-cellulose, and lignin made wi th  
aluminum oxide for reference, a r e  given in figure 5. A l l  three substances presented 
endothermic nadirs a t  130" C. that came chiefly f rom dehydration. Near 250' C. the 
curves entered the exothermic region. Lignin then showed a marked exothermic peak 
at 415" C. whereas cellulose, after reaching a very feeble exothermic peak at 310" C.,  
fell rapidly to a sharp endothermic nadir at 350" C. succeeded by a strong exothermic 
peak at 470" C. Schwenker (16) observed a weak exothermic peak a t  328" C ,  and a 
strong endothermic nadir at 372" C. for cotton fabric (a.lkaJi-scoured) but no appre- 
ciable temperature differential between 400' and 500' C. Both Schwenker (16) and 
Keylwerth and Christoph (9J found that the weak exothermic peak at 310" C. became 
strongly exothermic when the pyrolysis took place in air. 

The curve for wood revealed the influence of both lignin and cellulose in that the sharp 
nadir in cellulose at  350' C., which was completely lacking in lignin, in wood became 
a valley between exothermic peaks at 340' and 440' C. Kollmann (10) and Tang (L8) 
observed this valley in experiments in which the rate of rise in temperature at the 
center of a "thick" piece of wood was observed while the piece was being heated in a 
furnace at constant temperature. Keylwerth and Christoph gave the designations 8, 
and B to the peaks at 340" and 440" C., respectively. 

Comparison of the thermogravimetric with the differential thermal data shows that, 
with lignin, loss in weight due to active pyrolysis began when the reaction became exo- 
t b e r d c  and proceeged fastest.in the most strongly exothermic region. 
cellulose began in the feebly exothermic region about 310' C., but most of the weight 
loss occurred in the endothermic region, with its nadir at 350" C. 
all of the loss in weight took place in the exothermic region preceding the valley 
between the 8, and B, peaks; beyond the valley there was little further weight loss. 

despite a more strongly exothermic condition, until the peak at 440" C. was  passed. 

2 

Weight loss of 

W i t h  wood, nearly 

Figure 6 presents differential thermal analyses of wood treated with salts against un- 
treated wood as the reference material  in order to reveal the effect of the salts on the 
absorption or evolution of heat in the various regions of temperature. Figures 7 and 
8 present the differential thermal analyses for untreated wood and for wood treated 
With the salts when the reference material is inert  aluminum oxide, together With the 
cor r e s ponding the rmo g r a d e  tric analyses . 
Salts that contained water of crystallization caused an endothermic nadir at about 
150" C. (fig. 6). 
slight increase in moisture in the treated wood, as can be observed in figure 4.) The 
three ammomum salts showed a coIPmon nadir near 220° C. that possibly was due to 
dissociation of ammonia and its possible reaction with wood. 
ammonium phosphate to the pyro- and metaphosphates and decomposition and sublima- 
tion of ammonium sulfamate and ammonium chloride may account for most of the heat 

(The small nadir at 150" C. for sodium chloride may be due to a 

Decomposition of the 
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Presumably ammonium sulfamate and a m m o n i ~  

The sodium and potassium salts, 
effects between 220" and 450" C. 
chloride a r e  volatilized completely before 400" C. 
after their water of crystallization is lost, a r e  believed to remain undecomposed 
and nonvolatile up to temperatures wel l  beyond the present interest. All of the salts, 
however, exhibited an exothermic peak somewhere between 325' and 385" C. 

Comparison of figures 6 and 8 shows that the three ammonium salts exerted a pre- 
dominantly endothermic effect in the zone of temperature within which nearly all  of the 
volatilization of wood took place. They also suppressed the exothermic peak 6 of un- 

treated wood o r ,  in the case of ammonium phosphate, perhaps shifted it from 340" to 
285" C. and shifted the B peak from 440" to about 400" C. One is tempted to attribute 

the effectiveness of the three ammonium salts to these characteristics, which were not 
shared by such ineffective salts as sodium phosphate and sodium chloride. 
recognized, however, that the characteristics in question were not exhibited by the 
effective flame retardant, sodium borate, o r  the somewhat effective retardant, 
potassium carbonate. All of the sodium and potassium salts exerted a predominantly 
exothermic effect in the region of chief volatilization of wood, made the p peak more 

strikingly exothermic, and left the 6 peak relatively unaltered. 2 

1 

2 

It must be 

1 

Conclusions 

The methods of dynamic thermogravimetric anqlysis and differential thermal analysis 
offer promise of contributing significantly to study of the mechanism of wood pyrolysis 
and the action of chemical treatments on it. 
ric analysis to  study the kinetics of the reactions seems to present greater difficulty. 

The possible use of static thermogravimet- 

The threshold temperature for active pyrolysis of lignin and of wood was found near 
220" C . ,  whereas that of @-cellulose was near 275" C. In each case the threshold 
temperature occurred soon after an endothermic region of the pyrolysis yielded to a 
definite exothermic trend. 
was essentially complete before 400" C., left little char,  and w a s  associated with a 
marked endothermic nadir. 
one-fourth its weight by the time 400" C. was reached and only half at 800" C. ,  and 
the pyrolysis appeared to be steadily exothermic. 
chief constituents; the pyrolysis showed exothermic peaks at 340" and 440" C., with a 
valley between them that was due to the endothermic region of the cellulose. 

The inorganic salts tested so far fall into three groups according to the effects they ex- 
hibited. 

Once started, however, the collapse of cellulose was rapid, 

Lignin, on the other hand, lost weight slowly, losing only 

Wood exhibited the effects of its two 

(1)' Jwo ammonium phosphates, ammonium sulfamate, and ammonium chloride lowered 
the threshold temperature for active pyrolysis, markedly accelerated loss in weight 
between the threshold temperature and 250' C., exerted a markedly endothermic effect 
through the region of temperature in which most of the loss in  weight of wood occurmd. 
and kept to a minimum the amount of wood volatilized when pyrolysis was essentially 
complete at 400" C. These ammonium salts a r e  recognized as highly effective &me 
retardants. 
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(2) Two salts of limited o r  negligible effectiveness as flame retardants, tisodim 
phosphate and sodium chloride, failed to lower the threshold temperature for active 
pyrolysis o r  to increase the volatilization of wood up to 250" C. very much, exerted 
a predominantly exothermic effect in the region of temperature in which most weight 
loss occurred, and allowed nearly as much wood to volatilize when pyrolysis was com- 
plete as  was the case with untreated wood. 

(3) The highly effective flame retardant, s o d i u m  tetraborate. behaved like the ineffec- 
tive salts of the second group in the region of temperature up to 250' G. It resembled 
the effective salts of the f i r s t  group, however, in holding down the extent of volatiliza- 
tion of wood when pyrolysis was complete at  400' C. Potassium carbonate, which is 
considered a moderately effective flame retardant, proved less  effective than sodium 
tetraborate in reducing the extent of volatilization at  400" C. but showed a slight 
ability to stimulate volatilization of wood below 250" C. and to advance the threshold 
temperature of active py-rolysis. 

A more extensive study of chemical treatments is needed before decisions can be 
reached but it may be mentioned that the salts of the Grst group a r e  formed between a 
weak base and a strong acid, those of the second group between a strong base and a 
strong acid, and those of the third group between a strong base and a weak acid. 
been suggested repeatedly (4,12,13) that good flame retardants a re  likely to be sub- 
stances that readily decompose to form a strong acid o r  to form a strong base. No 
doubt the mechanism of action may differ according as the effective reagent is an acid 
or a base (7, 14, 15). 

It has 
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Table 1. --Salts used to treat wpod samples 

Salt : Residual weight on dynamic :Classifica- 
: thermogravimetric analysis : tion for 

: at : at : at -: flame 
: 200" C. : 250" C. : 400" C.  :retardance 

:---------------------------: relative 

Dibasic ammonium phosphate, 
W 4 )  2 H m 4  

Monobasic a m m o n i u m  phosphate, 
NH4) H p o  4 

A m m o n i u m  sulfamate, 
NH4.S0 NH2 

A m m o n i u m  chloride, 
NH4C1 

Sodium tetraborate, 
N a  B 0 *10H20 2 4 7  

: percent : percent : percent : 

Tribasic sodium phosphate, 
Na3P04* 12H20 

Potassium carbonate, 
K2C03* 1. 5H20 

Sodium chloride, 
NaC 1 

97 

-- 

94 

99 

52.8 

43.1 

83.6 

100 

88 

-- 

91.5 

95 

52.8 

43.1 

83.6 

10 0 

71 

-- 

0 

0 

52. a 

43:1 

83.6 

100 

I 

I 

I 

I 

I 

m 

m 

rv 



Table 2. --Dynamic thermogravimetric analysis of untreated wood and of 
wood treated with inorganic salts 

None (untreated wood) : 

Dibasic ammonium phos- : 

.......... .DO.. ........ .: .......... .DO. ......... .: 
Ammonium sulfamate ........... DO. ......... .: 
Ammonium chloride ........ ...DO.. ........ .: .......... .Do.. ........ .: 
Sodium tetraborate deca- : 

.......... .Do.. ........ .: 
Tribasic sodium phosphate: 

.......... .Do.. ........ .: 
Potassium carbonate 

P b b  

hydrate 

dodecahydrate 

sesquihydrate . . . . . e  DO-. . * -: ........... DO. ......... L 

Sodium chloride ........... DO-. .. ..... e: 

percent 

0 

40.5 
11.1 
2.4 

23.4 
16.6 

29.8 
18.6 
9.0 

11.0 
1.0 

37.6 
3.2 

29.2 

6.7 

31.1 
13.5 

18.6. 

c. 
220 

- 

180 
180 
180 

180 
180 

150 
150 
150 

220 
220 

220 
220 

210 
210 
210 

220 
220 

: percent : percent : 

4 

35 
21 
11 

45 
44 

52 
34 
22 

4 
2 

15 
9 

36 
29 
18 

6 
6 

76 

48 
50 
57 

42 
50 

54 
57 
60 

53 
57 

73 
64 

65 
60 
60  

69 
70 

. --- 

: I  
: I  
: I  

: I  
: I  

: I  
: I  
: I  

: I  
: I  

: L I I  
: m  

: m  
: m  
: m  

: N  
: N  



Table 3. --Activation energies computed from 
static thermogravimetric analysis 
of untreated and treated wood 

Salt present in wood : Content of : Activation energy 
: anhydrous : 

salt in 
sample  

-------------------------------------.-*-*~-----------:-------------------- 

: p r c e n t  : kilocalories/mole 

None (untreated wood) 0 : 35.8 

D i F s i c  ammonium phosphate 10.8 : 31.9 

Monobasic ammonium phosphate 15.1 : 33.1 

Ammonium sulfamate 15.7 : 34.0 

1 Ammonium chloride- 17.7 : 8.1  (1st step) 
: 34.8 (2ndstep) 

Sodium tetraborate decahydrate 17.4 : 24.7 

Tribasic sodium phosphate dodecahydrate .: 18.0 : 29.3 

Potassium carbonate sesquihydrate 20.0 : 25.4 

Sodium chloride 12.0 : 33.0 

h i g u r e  4 shows that pyrolysis in the presence of ammonium chloride occurs in two 
steps, for each of which the activation energy was computed. 
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Figure 1. --Close agreement between curves for dynamic thermogravimetric analysis of thin 
veneer (0.16 mm thick) in nitrogen flowing at 2 liters a minute at atmospheriwpressure 
and in vacuum of 10 Kg absolute. 
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Figure 2. --Portion of dynamic thermogravimetric curves between 130' and 400' C., with 
temperature rising 6" a minute, for wood, lignin, and 0-cellulose. 
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Na C.e 8. - - - - - - ' 20- 
L 
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- 

0 1 ' 1 1 1 1 1 1 1 1 1 1 1 1 ' 1 1 1 1  I I I I ' I I  
150 2m 250 300 350 Goo 

TEMPERATURE ATTAINED BY SAMPLE ["C. I 

Figure 3. --Portion of dynamic thermogravimetric curves between 130" and 400" C., with 
temperature rising 6' a minute, for untreated wood and for wood treated with dibasic 
ammonium phosphate, ammonium sulfamate, or sodium tetraborate, respectively, a t  
the maximum retention of sa l t  indicated in table 2 .  
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Effect of Potassium Bicarbonate on 
the Ignition of Cellulose by Radiation 

A. Broido 

Forest Servdce-U. S. Department of Agriculture 
Pacific Southwest Forest and Range Experiment Station 

Berkeley 1, California 

s. Martin 

san mancisco 24, California 
U. S. Naval Radiological Defense Laboratory 

Introduction 

Most combustion reactions of interest in the field of fire control involve 
cellulosic materials. For such materials the fire reactions may be considered as  
proceeding i n  essentially two steps-first ,  a pyrolysis of the solid phase which 
yields, among other things, combustible gaseous products and, second, a highly 
exothermic gas-phase oxidation reaction. Since most of the energy in the fire is 
produced in the gas-phase reactions (and incidentally, since simple gas-phase re- 
actions lend themselves more readily to study), most research programs on fire 
extinguishment have considered primarily the gas-phase flame reactions. 

Investigations into the action of flame extinguishing agents have estab- 
lished tha t ,  besides t h e obvious physical effects (cooling, smothering, etc. ), a 
chemical effect, attributed t o  a chain-breaking reaction, also occurs i n  the gas 
phase. On the other hand, the possible chemical effect of the extinguishing agent on 
the pyrolysis reactions of the solid has frequently been overlooked in the fire ext in-  
guishing field (although such an effect forms the bas is  of the chemical theories of 
flame-proofing of wood and fabrics). However, fire extfnguishment procedures 
generally attempt to bring the extinguishing agents in intimate contact with the solid 
fuel. Here t h e  agents can affect pyrolysis to give gaseous products differing in 
kinds, amounts, proportions, or temperatures, a n d  thus, so to speak, affect the 
gas-phase flame reactions before they occur. This possibility is strikingly U u s -  
trated by the observation that many of the highly recommended fFre extinguishing 
materials, including potassium bicarbonate, can 'catalyze" the combustion of car- 
bohydrates (for example, make sugar cubes burn) @. 

The present report describes some of the results obtained in a series of 
experiments undertaken at the United States Naval Radiological Defense Laboratory 
(NRDL) to determine how impregnation of cellulose with small amounts of potassium 
bicarbonate alters the combustion characteristics of the material and the gaseous 
products evolved in the pyrolysis. Purified alpha-cellulose, in the form of spe- 
cially prepared papers, had been i n  use f o r  a number of years in studies of the 
thermal decomposition and ignition of cellulosic materials by thermal radiation (s 
5 z), an important phase of the Laboratory's program investigating the effects of 
thermal radiation from nuclear detonations. Such papers h a d  been selected for 
study in an attempt to insure reproducible results which could be of direct value in 
interpreting t h 8 behavior of heterogeneous, highly variable, natural fuels. The 
present experiments were undertaken when it became evident that the low ash con- 
tent of these papers might give results which differed markedly from results obtained 
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with impure natural fuels and that indiscriminate appLication of fire-extinguishing 
and fireproofing materials might lead to undesirable consequences. 

Apparatus and Procedures 

Test Materials 
In 1953, tbe Forest Products Laboratory, Madison, Wisconsin, prepared, 

from single batch of wood pulp, a series of alpha-cellulose papera (9 for use in 
the program of the Thermal Radiation Branch, Naval Radiological Defense Labora- 
tory. These papers were made up in varying thicknesses and densities, and carbon 
black w a ~  added to  some to provide a gradation in optical properties. Tfre paper 
(No. 4095) chosen f o r  the present experiments was made with 2.5% (dry weight basis) 
carbon black added to the pulp, The density of the dry paper was 0.67 g/cm3, its 
thickness was 0.54 mm, and its radiant absorptame for the spectral distribution of 
the radiant energy source was> 0.9, a~ measured with a GeneraL Electric Model 8 
PVI reflectometer. 

Chemical analysis of this paper indicated 811 ash content of 0.157% con- 
sisting largely of Ca, Mg,  Na, Fe, a n d  St As a result, i t  was decided that the 
mlnlmum additionof KHCO3 i t  wouId b e  profitable to  investigate was 0,158- 
doubling the ash content of the sample. To investigate the influence of more draafic 
changes in composition, a 10-fold increase-to 1.5%--was selected. Finally a few 
experiments were  conducted with 15% KHCO3 added to a limited number of samples. 

Initial attempts w e r e  made to distribute the K.HCO3 throughout the cellu- 
lose by adding it in aqueous soIutions. Because of the tendency of the paper to warp 
and sweII when wet, t h i ~  approach was abandoned in favor of one in which the K H 0 3  
is produced with in  the cellulose by the neutralization of alcoholic KOH with moist 
CO . With such a procedureno noticeable change in the appearance of the paper 
codd be detected, 

For the treatment, three solutions of ICOH i n  anhydrous methanol were  
prepwed-with concentrations 0.02 M, 0.2 M, and 2 M, The paper samples, 1 112 
by 1 314 inches in size, weighed 0.63 f . 02g, so the treatment consisted cd adding 
to each sample 0.5 mI of the appropriate solution from a repeating pipette and pkc- 
ing the samples immediately OII racks Fn an atmosphere of C02 saturated with water 
vapor. The atmosphere was maintained by bubbling tank 0 2  through water and re- 
moving excess water from the stream by passing it through a cellulose filter. After 
anovernight exposure to the moist CO2 atmosphere, the samples were  mounted in 
standard holders and left exposed tu the normal atmosphere until they w e r e  used. 

In appearance, the treated samples were  indistinguishable from the UIX- 
treated samples, and no change in absorptance was detected with the reffedometer. 
Evidence that the treatment did indeed convert the KOH to KHCO3 wag obtained 
two ways: (1) a number of samples were weighed before a n d  after treatment, the 
weight changes being in accord with the stoichiometry, (2) the same samples were 
leached with a small amount of distilled water, and the pH of the &- sol&n 
w a s  compared with that of an aqueous KHCO3 soIution of the expected concentration. 
As a final check on the method of sample preparation, the effect8 of exposure to 
radiant energy were co-mpared f o r  a Limited number of the s.7mplee treated with 
aqueous KHCOQ solution and those treated with alcoholic KOH. The results showed 
only negligible differences between the twe groups of samples. 

Radiant EnerrJv Source 
For these experiments, samples were exposed to an intense beam of ther- 

mal radiation produced by means of a high current carbon arc and a relay-condenser 
optical system. 
ories per square centimeter per  second, uniform Over a circuZa area of three 

. 

This Source (3 can provide a maximum irradiance level of 30 Gal- 
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centimeters. The spectral distribution of the thermal output from the source, as 
operated, approximates that af a 5, 5 , O O O X  black body emitter. Attenuation of the 
whole beam to the desired irradiance level was accomplished using Libby-Owens- 
Ford "color-clear" plate glass, ground to produce a diffusing surface of appropriate 
attenuation. Exposures were made by means of a high speed square-wave shutter 
capable of providing exposures as short as 0.1 seconds reproducible to 0.01 sec- 
onds. The samples of test materials were individually mounted for elrposurein brass 
shim-stock holders through which an accurately centered 3/4-inch diameter hole 
had been punched. A water-cooled aperture with a slotted gu ide  received the hold- 
ere  and automatically aLtgned them into the focal spot. 

Phenomena Observed 
The effect observed when a particular celluluse sample i s  exposed t o  

radiant energy depends upon both the irradiance and the time of exposure. At suf- 
ficiently high irradiance, the first ignition phenomenon observed is transient flam- 
@-a flaming which terminates promptly at the end of the exposure. For some- 
what longer exposures at a particular irradiance level in this range, sustained flam- 
ing occurs-the flaming extends beyond termination of the exposure and results in 
the nearLy complete combustion of the sample. At somewhat lower irradiance levels, 
transient flaming never occurs; whenever the exposure is sufficiently long to permit 
initiation of flaming, it is always sustained. At still lower irradiance levels a suf- 
ficiently long exposure produces glowing ignition, and the sample may be consumed 
without the appearance of flame. 

Analytical Procedures 
The principal evidence concerning t h e  influence of KHCO3 on the com- 

bustion characteristics of cellulose was  obtained from visual observation of the 
effects on exposed samples. However, to gain some insight into possible explana- 
tions for the observed results, a few comparative measurements were made of the 
quantities of the principal volatile pyrolysis products generated by treated and un- 
treated samples exposed to the same thermal input. 

At two irradiance levels and  exposure times chosen on the basis of the 
ignition effects in air, first an untreated sample and then a sample impregnated with 
KHCO3 were exposed in a helium atmosphere. 
the helium carrier into a two-stage gas chromatography system @). As a means of 
confirming the identity of  the components, t h e effluent stream from the liquid- 
partition stage of the two-stage system was monitored by a Bendix time-of-flight 
mass spectrometer. A combixation of the chromatographic retention time and the 
mass spectrum gives ample proof, in general, of the identiw of each component. 

The volatile products were  swept 

Results and Discussion 

Method of Quantification 
The result obsemed when a single test sample is exposed to one specified 

pulse of thermal radiation is a "go - no go" phenomenon. That is, for a given irra- 
diance, if the cri t icd exposure time (threshold for a particular effect) is exceeded, 
the effect will occur (a success); if the critical time is not exceeded, no effect, or 
a different, lesser effect will be observed (a failure). To obtain an estimate of the 
critical value, then, a series of samples must be exposed to different values of the 
variate. From the results, an estimate of the critical value, usually defined as 
that value for which just half of all samples would exhibit the effect, that is, the L D ~ o  
in biological experimentation, mag be obtained. 

For a given sample population, the value of the estimate depends upon 
such factors as tKe variability in sensitivity of the sampIes in the population and the 
variability of the population a8 a whole with external factors-temperature, humidity, 
etc. For experiments with the present exposure apparatus, additional variability is 
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introduced as a result of uncertainties in the delivered dose. The source is 
equipped for coxtim~ous monitoring. It is calibrated by mounting a caliorimeter in 
the position at which samples w i l l  subsequently be exposed. However, the irradi- 
ance is not invariate w i t h  time. It has short time ffuctuations (1-2% in seconds ag 
the carbons rotate) and  long time fluctuations (5-10% over aeveraI minutes as the 
carbons feed i n  and out or as voItage drifts). Thus, the method of estimating a 
critical value must take into account all such variations. 

The procedure that has been adopted in determining the critical value f o r  
a singIe material is the so-called "up-and-dm" method (3). In this method, fixed 
increments of the variate, in this case exposure time, are  selected. The result of 
each exposure then determines t h e  next time setting. If a "success" is obtained, 
the time is set down one increment; if a "failure", the time is increased. Neglect- 
ing a long Beries of steps in w e  direction as the critical value is first approached, 
the final estimate is obtained by simply averaging dl subsequent exposure times. 

For comparing two materials whose critical values differ only slightly, 
a modified up-and-down procedure was  adopted and w f l l  be described in a future re- 
port. Samples af the two materials are exposed alternately in quick succession, 
the time setting being adjusted only if the dame effect is observed for both samples. 
Such procedures permit the use of ,me material as a control to minimlz ' e the effect 
of any long time fluctuations. 

Critical Values 
The regions of occurrence of the various igdtion phenomena for the pure 

NO. 4095 paper are  delineated by the curves in Fig. 1, These curves represent the 
composite results of a large number of experiments on this paper and extrapolations 
from results obtained with the similar papers of different density and thickness. AS 
may be seen, there is a critical irradiance for the material-a level below which 
ignitionwill not occur no matter how long the exposure. For sustained igqition at 
the high irradiance levels, so-called reciprocity is approached, the effect occuring . 
at approximately the same total exposure regardless of the irradiance level. More 
obvious frum a logarithmic plot than from Fig. 1 is the fact that for pure alpha- 
cellulose papers of the type used Fn these experiments, the occurrence of transient 
flaming may be  expressed by a constant product of the irradiance and the radiant 
exposure. The value of the constant is a function of the thermal conductivitya the 
density, a n d  the heat capacity of the material. For the pure No. 4095 paper the 
relationship is given by 

HQ = H2 t = 59 (1) 
where H is the irradiance in cal sec-l 

Q is the radiant exposure in cal cm-2 

t is the exposure time in sec 

For determination of the Muence of KHCO3 imprept ion,  four  irradi- 
ance levels were chosen: 11 and 18 cal cm-2 sec-1, where both transient and BUS- 
tained flaming ape observed for the untreated material; 4.2 cal cm-2 set-1, where 
only sustained flaming is observed; and 1.4 cal c m - 2  sec-l, where ody glowing ig- 
nition i s  observed. At each irradiance level, parallel "up-and-down" sequenas 
were obtained by alternating untreated and treated papers. The average irradiance 
to be used for the treated material was estimated on the basis of the average expo- 
sure time for the untreated samples. The results a r e  presented as the points in 
Fig. 1. For those points at which the effects observed differed from those observed 
at the same irradiance level for the untreated material, the actual effect observed 
for the treated material is also indicated in the figure. 

Fkst, if O d y  

0.15% KHCO3 is added, the effects are the same as for the untreated materials at 
Several interesting observations may be  noted in Fig. I. 
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\ all irradiance levels used. At t h e  highest irradiance level, little difference i n  
sensitivity is found between the treated and untreated materials. At the intermediate 

b irradiance levels slightly more energy is necessary to produce a given effect in the 
treated material. However, at the low irradiance level the treated material is ap- 
preciably more sensitive. 

Second, under no conditions attainable with this source was it possible to 
induce a sustained flaming in material treated with 1.570 KHCO3. Transient flam- 
ing did occur, at exposure times slightly longer than for the untreated material, but 
a l l  sustained ignitions were  of the glowing variety and all occurred at times appre- 
ciably less than those necessary to produce sustained ignition in the untreated mate- 
rial. 

I 

t 

t 

Third, ody  a t  the highest irradiance leveI was i t  possible to obtain a 
transient flame from the material impregnated with 1570 KHCO3, except that a brief 
transient flaming, presumably as the gaseous products of pyrolysis were ignited by 
the radiant beam, could be produced at the 12 cal sec-1 level at an exposure 
well beyond that necessary to produce the first glowing ignition. On the other hand, 
the times to produce a sustained ignition were always much lower f o r  the treated 
material 'than for the untreated material, and the minimum irradiance level neces- 
sary to produce ignition w a s  much less. 

The highest irradiance levels measured 
on conventional fires are  always less than 2-3  cal cm-2 sec-1. 
differences i n  sensitivity between treated and  untreated materials occur in the 
region of greatest interest from the point of view of fire spread, with the treated 
material always the more sensitive. 

One final point should be made. 
Thus, the largest 

Analysis of Volatile Pyrolysis Products 
Summary of the gas chromatography-mass spectrometry results is given 

in Tables I and 11. In addition to the weight loss during exposure in a helium atmos- 
phere for an untreated 100 mg a-cellulose sample and for an equivalent sample im- 
pregnated w i t h  2 mg KHCO3, each table gives t h e  measured weights of various 
pyrolysis products and their relative ratios (the ratio of weights of the specific con- 
stituent divided by the ratio of total weight change). Table I gives results obtained 
after exposure to an irradiance of 4.2 cal cm-2 sec-1 for 2.5 sec (a time inter- 
mediate between those necessary t o  produce sustained ignition i n  air for the two 
materials). Table II gives simizar results after exposure to an irradiance of 11 cal 
cm-2 sec-1 for  1.4 sec (a time somewhat more than the minimum necessary to pro- 
duce sustained ignition in air for both materials). 

Under conditions of these experiments, pyrolysis of -cellulose gives a 
large number of products ranging from the low molecular weight gases to high mo- 
lecular weight tarry materials. As may be seen from the tables, the volatile frac- 
tion (boiling point less than about 150" C) includes only about 25% of the weight loss 
from the untreated samples but about 50% of the weight loss from the treated sam- 
ples. As might be expected, the increased sensitivity of the treated material to 
radiant exposure results in a more complete pyrolysis (that is, to a larger  fraction 
of low molecular weight materials) for the same exposure conditions. 

The volatile materials may be broken into two categories: gases (boiling 
points less than Oo C )  and vapors (boilhg point 0-150" C). For the untreated mate- 
rial, CO2 and CO constitute >98% of the gas fraction. For the treated material, the 
C 0 2  and CO components ar  e still quite large, but the other, combustible, gases 
show a marked increase. Since the treated samples do not exhibit sustained flam- 
ing, while the untreated samples do, this result is more than mirdly surprising. 

The principd constituent of the vapors is H20, which for both treated and 
untreated samples makes u p  about 80% of the vapor fraction. About 90% of the 
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materials in the "Other Vapors" category in the tables have been identified. They 
include acetaldehyde , acrolein, acetone, biacetyl, crotonaldehyde, furan, methanol, 
and propionaldehyde. Here, too, some of the results are rather surprising. Al- 
though KHCO3 treatment does not change th  e relative ratio of most of the vapors, 
several constituents, notably acetone a n d  biacetyl a r  e increased by an order of 
magnitude, or more. 

The apparent contradiction between the ignition behavior of the treated 
and untreated materials in air and the pyrolysis results in helium, gave impetus to 
a detailed study of the temperature behavior of the samples during exposure. Such 
experiments have now begun. Although no conclusive results are yet available, it 
appears that under ignition conditions i n  air a treated sample will attain a lower 
temperature than will  an untreated sample during an identical exposure, but that in 
helium the treated samples attain asomewhat higher temperature than the untreated 
samples. 

As part of a program investigating the mechanisms of action of fire ex- 
tinguishing agents, a study has been started on the influence of potassium bicarbon- 
ate additives on the ignition behavior of celIulosic materials. Pure 01 -cellulose 
papers and others to which varying amounts of KHCO3 had been added were exposed 
in air to the intense radiation flux of a refocused carbon arc  beam, and the ignition 
thresholds were determined a t  several irradiances. Several samples were then 
similarly exposed in a helium atmosphere, and the gases and vapors generated were 
passed through a gas chromatographylnass spectrometry analytical system. 

From the results of this experimental work it is concluded that adding 
potassium bicarbonate to Qc -ceUulose papers prior to radiant heating reduces the 
sensitivity to transient flaming and,furthermore,,that sustained flaming may b e  pre- 
vented without adding mare than 1.5% by weight. Such an observation is in complete 
accord with the fact that the effectiveness of KHCO3 a s  a fire extinguishing agent 
has been repeatedly demonstrated over t h e  years and is beyond question. Not in 
accord with its proven value in firefighting i s  the fact that the addition of KHCO3 in- 
creases the rate and degree of pyrolysis of cellulose to volatile substances, and, as 
a n  apparent consequence, greatly increases t h e  sensitivity t o  glowing ignition. 
Further, I(HCO3 treatment markedly enhances t h e  production of gases such a s  
hydrogen, methane, ethane, and ethylene as well as organic liquids (at room tem- 
perature) such as acetane and biacetyl. These seemingly contradictory results may 
b e  resolved by careful temperature measurements during pyrolysis, a n d  such 
measurements have now begun. 
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Tahle I-Pyrolysis products of untreated a-celIdose and welldose hpregnated 

with 2% KHCOS, M exposed under h d u m  to 4.2 c d  cm-2 sec-1 tor 2.5 
- 

SeC. - 
: Weight produced from- : 
: Untreated : Treated : ratio : sample : sample : 

Relative Product 

(mg. 1 (mg. 1 

Weight loss 5 22.7 53.7 1 

Total volatile8 (33. P. 450° 0 6.2 26.9 I. 8 

Total gases (B. P. C 0’ 0 1.75 7.8 t 9  

co2 L.22 4.7 1.6 

co 0.53 3.0 2.4 

HZ 

cH4 

0.003 0,014 2 

0.002 0.030 6 

< 0.001 0.026 > 10 ‘ZH4 

c 0.001 0.046 7 20 ‘2=6 
Water 4.0 16.5 . 1.8 

Other vapors (8. P. 0-150° C)  0.48 2.6 2.3 
~~ ~~ ~~ 

%riginal sample weight = 100 mg. 

I 

I 

1 



Table II-Pyr oIysis products of untreated a -cellulose and a -cellulose impregnated 
with 2% KHC02, both exposed under helium to 11 cal cme2 sec-' for 1.4 
sec. - 

I 
b, 

t. 

: Weight produced from- : 

: sample sample : 
Relative 

Untreated : Treated ratio Product 

tmg.) bg.1 
Weight loss 68.1 79.3 1 

Total volatiles (B. P. <150° C)  15. 6 38.7 2.1 

Total gases (B. P. COO C!) 4.3 13.0 2.6 

c02 2.54 6.3 2.1 

co I. 65 5.1 2.6 

H2 

CH4 

'ZH4 

0.015 0.3 17 

0.020 0.66' 28 

0.034 0. 51 13 

0.007 0.19 23 'ZH6 
Water 

Other vapors 

9.5 19.6 

1.8 6.0 

1.8 

2.8 

a -Original sample weight = 100 mg. 

y 
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c Surface Flammability of Fire-Retardant 
and 

Conventional Paint Assemblies 

Daniel Gross and Joseph J. Loftus 

National Bureau of Standards, Washington, D. C. 

\ Introduction 

The results of a previous study [l] have shown that paints and 
other thin coverings applied to a flammable base material can provide 
a new surface of substantially lower flammability than that of the 
untreated base. Uthough with coatings of more than 50 mils 
ciably affect the flame spread index of the assembly, it appeared 1 
that with thinner finish coatings the base material had an important [ 

bearing on the flame spread results obtained. In cases where the 
I coating is intended to be applied to a specified substrate, the sur- 
I face flammability of the prescribed assembly is required. However, 

in cases where a particular substrate is not specified and a compara- 

substrate material is required. 

combustible material such as asbestos cement board would obviously 
restrict the range of the flame spread index values and therefore the 
evaluation of the effectiveness of the paint film in reducing surface 
flammability. A study was therefore undertaken for measuring the 
surface flammability of a number of conventional paints and fire- 
retardant coatings as applied to common combustible building finish 
materials. The primary objects of the investigation were: 

I (0.050-inch) thickness the particular base material used did not appre- 

\ 

I tive evaluation of coatings only is desired, a suitable standard 

In choosing a standard substrate for paints, the use of an in- 

, 

t 
1 

(3) 

to evaluate the effectiveness of typical fire-retardant 
and conventional coatings applied to several combustible 
substrates at various spreading rates, 

to evaluate those characteristics of the substrate 
material which were important in surface flammability 
measurements on painted assemblies, and 

to select, if possible, one substrate as a standard 
for paint flammability measurements. 
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Material and Preparation 

Five fire-retardant and three conventional interior paht 
finishes were applied to each of four substrates: paper wallboard, 
plywood, fiberboard and tempered hardboard. The coatings were 
applied to the smooth finished side of each substrate. Table 1 
lists and briefly describes the substrates and Table 2 gives the 
schedule employed in the preparation of these test assemblies. With 
the exception of coating systems 7, 7a, and 7b, the effective spr ad- 
(two coats at 250 ft2/galP. This rate, unusually heavy for conven- 
tional paints, was fairly representative of the spreading rates 
commonly used and recommended for fire-retardant coatings. The paints 
consisted of two aJ.kyd flat paints (Nos. 3 and 8), one latex water 
emulsion paint (No. 61, f o u r  fire-retardant paints (Nos. 1, 2, 4, and 
51, and one coating system consisting of an intumescent fire-retardant 
main coat plus a supplemental top coat (No. 7). The fire-retardant 
paints selected were typical proprietary materials. 

ing rate employed in the reparation of the assemblies was 125 ft 9 /gal 

Table I 
Substrate Materials 

Svrnbol Substrate Thickness Density 
in. lb/cu ft 

A Paper b?allboard-Factory Finished 

C Fiberboard-Interior Insulating- 
Board, Class D (factory- 
finished 1 1/2 19.4 

D Zardboard- Tempered 1/4 67.6 

One side . 3/16 35.0 
B Plywood-Douglas Fir, exterior grade 1/4 39 -0 

E Zardboard- Tempered 1/4 55- 1 

The first step in preparing the test asse blies was to coat the substrate boards, at a spreading rate of 450 ft Y /gal, with a white 
pigmented primer-sealer conforming to Federal Specification TT-P-56. 
After 72 hours the primed substrates, with the exception of those 
reserved for coatings 7, 7a and 7b, received two coats o f  the paint 
under test at 250 ft2/gal per coat, allowing 72 hours betweea'coats. 
Sample 7 consisted of a flat fire-retardant main coat at 250 ft2/gal 
plus a supplemental gloss fire-retardant top coat at 250 ft2/gal. 
Sample 7a received only one main coat at 350 ft2/gal. Sample TD was 
coated in the same manner as sample 7 but with spreading rates of 
350 ft2/gal and 500 ft2/gal for the ma+ and top coats, respectively. 
The coatings on  samples 7, 7a and 7b were purposely varied to study 
the effect on flame spread behavior of different rates of spreading 
of the same paints. 

I 
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In another study of the effect of spreadh rate, one flat alkyd 
(No. 3)and one latex water emulsion type (No. 67 were applied to a 
tempered hardboard substrate (E). The rates and film thicknesses 
are given in Table 3. These paints were applied directly (without; 
primer-sealer) to the smooth substrate surface in a sufficient number 
of coats to obtain the desired effective spreading rate, allowing 
24 hours between coats. 

Table 3. Spreading Rates and Film Thicknesses for Two 
Conventional Paints Applied to Tempered Hardboard 
Substrate (E) 

Effective 
Spreading 
Rate 

Number 
of Coats 

Paint F U ~  Thickness 

Computed * Measured** 
ft'/gal mils mils 

1 900 . 0.6 0 - 3  
1 500 1.1 1.2 

2.1 1.6 
4.2 4.4 1 250 

2 125 
3 60 8.8 8.5 
6 30 18. 21. 

* 530 divided by effective spreading rate; based upon 
one-third nonvolatiles by volume. 

measurements across smooth-sanded edge surface. 
** Average for paints 3 and 6, based upon microscope 

After the application of the finish materials, the assemblies 
were dried for not less than 72 hours and then cut to produce five 
specimens, each 6 by 18 inches. The specimens were then dried Fn 
an oven at 1600F for 24 hours and again conditioned, in a room main- 
tained at 73°F and 50 per cent relative humidity, for not less than 
one week prior to testing. A n  alternate drying procedure, 24 hours 
at 140°F, was used for half of the test specimens prepared f o r  the 
spreading rate study. 
test results could be attributed to the effect of the slightly dif- 
ferent drying procedure. 

Test Prccedure 

However, no appreciable difference in the 

The apparatus used for the tests is shown in Figure 1, and has 
It consists of a radiant panel, a been described in 3etail [ 2 ,  31. 

frame for support of the test specimen, and associated measuring 
equipment. 
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The radiant panel consists of a cast iron frame enclosing a 
12- by 18-inch porous refractory material. 
a vertical plane, and a premixed gas-air mixture supplied from the 
rear is burned in intimate contact with the refractory surface to 
provide a radiant heat source. 
which is maintained by regulating the gas flow according to the in- 
dication of a radiation pyrometer, is that which would be obtained 
from a black body of the same dimensions operating at a temperature 
of 670OC. 
receives the hot products of combustion and smoke. 

The panel is mounted in 

The energy output of the panel, 

A stack placed under the hood above the test specimen 

For test, the 6- by 18-inch specimen was placed in a metal 
holder and backed with a 1/2-inch sheet of asbestos millboard of 
60 pound per cubic foot density. At time zero, the specimen was 
placed in position on the supporting frame facing the radiant panel 
and inclined 30 degrees to it. A pilot igniter fed by an air- 
acetylene mixture served both to initiate flaming at the upper edge 
of the test specimen and to ignite combustible gases rising from the 
specimen. Observations were then made of the progress of the flame 
front, the occurrence of flashes, and so forth. A n  electrical timer 
calibrated in minutes and decimal fractions to hundredths was used 
for recording the time of occurrence of events during the tests. The 
test duration was 15 minutes, o r  until sustained flaming had traversed 
the entire 18-inch length of the specimen, whichever time was less. 

The flame-spread index, Is was computed as the product of the 
flame spread factor, Fs, and the heat evolution Q ,  thus 

The symbols t . .t15 correspond to the times in minutes from speci- 
men exposure until arrival of the flame front at a position 3. 
15 inches, respectively, along the length of the specimen. Q=O.lAe/p, 
where 0.1 is an arbitrary constant, A9 is the observed maximum stack 
thermocouple temperature rise,in degrees F, at any stage of combustion 
of the specimen minus the maximum temperature rise observed with an 
asbestos-cement board substituted for the specimen, and p is the slope 
of the line obtained by plotting the maximum stack thermocouple tem- 
perature rise as a function of the corresponding measured heat input 
rate, in Btu per minute, as supplied by a diffusion-type gas burner 
placed near the top of an asbestos-cement board specimen during normal 
operation of the radiant panel. 

3' . . 

1 
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Results and Discussion 

A minim of four replicate tests were run on each test assembly. 
The mean flame spread indices and the coefficients of variation are 
listed in Tables 4 and 5. 
the mean for replicate tests. 
face flammability, the spoke deposit is considered to be an indication 
of possible parallel hazards, such as toxicity and the interference 
to be expected in evacuation and fire-fighting procedures. The smoke 
deposit values represent the contribution of both the coating and 
substrate materials as evidenced by the somewhat higher mean smoke 
deposits for coatings on hardboard (D) than on the other substrates. 
The fire-retardant coatings tested did not produce significantly 
greater smoke deposits than the conventional paints. 

Paints 2, 4, 
&and 7 blistered, whereas the alkyd paints 3 and 8 did not blister 
or intumesce. Paint 5 flaked off from the substrate during test. 
Blister and intumescent formations were responsible for a wide varia- 
tion in flame spread indices for the paints which exhibited these 
properties. 

showed the widest range in flame spread index values, affording good 
opportunity for discrimination between coatings. 
values, hawever, had lower coefficients of variation than the ply- 
wood values, and much lower than those obtained with the other two 
substrates. Considering the results obtained with the hardboard, 
the conventional paints 3, 6, and 8 appeared to be comparable to the 
fire-retardant paints 1, 4, and 5, when applied to this substrate at 
the same effective spreading rate of 125 ft2/gal. 
fire-retardant coating, 7a, showed both the lowest flame spread index 
and the lowest smoke deposit value of any of the coatings. 

flame spread index was found to be strongly affectedby the spreading 
rate as shown in Fi re 2. One coat of a flat alkyd paint applied 

hardboard substrate by a factor of almost 5. 
latex paint effected a more than three-fold reduction. For film 
thicknesses greater than those corresponding to 250 ft2/gal, the 
additional improvement in flame spread index was quite small. The 
effect of very thick films, such as might be encountered on surfaces 
frequently repainted, was not investigated. It is possible, however, 
that a higher flame spread index might result from the formation and 
disintegration of blisters, from cracking, peeling or other separa- 
tion from the flammable substrate, or by the direct involvement of 
the thick paint layer. 

The effect of paint thickness upon surface flammability proper- 
ties refers on ly  to typical combustible cellulose-base substrates in 
contrast to non-combustible substrates such as plaster, concrete or 
metal. 

The weight of the smoke deposit listed is 
Although not directly related to sur- 

Intumescence was exhibited by paints 1, 7a,and 7%. 

Of the four substrates used, the plywood and the hardboard 

The hardboard 

The intumescent 

2 At effective spreading rates of 250 ft /gal or greater, the 

at a rate of 250 ft !Y /gal reduced the flame spread index of a tempered 
Similarly, a coat of a 

1 
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Table 5. Mean Flame Spread Index of Two Conventional Paints at 
Varying Spreading Rates Applied to Tempered Hardboard 

EXf ec t ive Mean Coeff. Mean 
Spreading flumber Flame Spread of Smoke 

Paint Rate of Tests Index Variation Deposit 

ft2/gal per cent mg 

4 116 8 2.1 Uncoated - 
Substrate 

2.4 
2.4 
2.7 
2.4 
2.4 

AUryd 
Flat 2 50 
No. 3 125 

60 
30 5 .  27 7z 1.7 

13 
11 

900 4 58 
500 4 52 

4 ,24 
4 20 
4 13 8 

l;! 

4 
60 5 
30 5 32 91 3-4 

37 10 2.7 

i 900 
500 

Latex 250 
No. 6 125 

In another study, in which non-flammable substrates were used, 
it was found that the flame spread Index increased wlth Increasing 
thickness of a paint coating applied on steel sheet- For example, 
the flame spread index of a No. 18 gage, red lead primed steel sheet 
had values of 1, 7, 69,  and 110 for oil-base paint coatlngs of 5, 10, 
15, and 20 mils, respectively. An assembly o f  a10 mil coatlng of the 
same paint applied to 1/8-inch thick asbestos-cement board had a 
flame spread index of 2. Thus it appears evident that the flame 
spread behavior of coatings applied to either flammable or non- 
flammable substrates depends not only on the type and thickness o f  
the paint film but also on the characteristics of the substrate. 

an effective spreading rate of 125 ft /gal, the ratio of the flame 
spread index of the painted assembly to that of the substrate was 
found to be related to the density of the substrate material. The 
effect at other spreading rates was not explored. 
Figure 3, this paint was most effective on the low density fiberboard 
substrate. 
effective on the l o w  density substrate. However, for critical evalfi- 
ation of a paint for fire-retardancy, the burden of effective per- 
formance should be placed upon the paint without ascribing to the 
paint undue advantage resulting from the properties of the substrate. 
For this reason, tempered hardboard is considered a more suitable 
substrate. 

For a conventional palnt, such af flat alkyd (No. 3) applied at 

As shown in 

A majority of the other paints tested were also most 

i 
.. 

4 



An analysis of the data was made to provide a statistical 
measure of variability. Particular attention was directed toward 
evaluation of the substrate materials both from the standpoint of 
(a) selection of a standard material for paints and other liquid 
coatings and (b) interpretation of previous and subsequent flame 
spread data on coated assemblies employing a variety of substrates. 

The analysis showed that although the wallboard and fiberboard 
substrates gave a more consistent behavior of dispersion about the 
mean than the plywood and hardboard substrates, the coated hardboard 
assemblies did exhibit: 

a. 

b. The lowest coefficients of variation. 

It should be noted that considerable variation was observed in 
the rankings of the coatings on the four substrates. In addition, 
the coefficients of variation were considerably higher than those 
obtained in an earlier investigation of conventional paints on the 
same or similar substrates [l]. T h i s  is not unreasonable when con- 
sideration is given to the special types of coatings and rates of 
application employed here. Inasmuch as the hardboard did result in 
the lowest coefficient of variation and provided a substantial range 
of flame spread index values for the coating materials tested, its 
choice as a standard substrate is indicated. 

A substantial range of flame spread index values for 
the coating materials, and 

Conclusions 

On the basis of the work reported, the following conclusions 
seem justified: 

1. Tempered hardboard may be considered a suitable choice as a 
standard substrate for evaluating the fire-retardant effectiveness 
of paints and other thin surface coatings. 
It gave results with the lowest coefficient of variation, provided a 
substantial range in flame spread index values for the coating mater- 
ials tested, and placed the burden of effective performance upon the 
paint under test. 

ings is highly dependent upon the effective spreading rate of the 
paint and on the type and density of the substrate material, as well 
as on the coating composition and the undercoat-overcoat combination 
employed. Coatings of latex and flat alkyd paints applied to a 
tempered hardboard substrate at an effective spreading rate of 
250 ft2/gal reduced the flame spread index of the uncoated substrate 
by factors of 3 and 5, respectively. 

Of the substrates studied, 

2. The fire-retardant effectiveness of paints and other coat- 

, '3 



132. 

3. In general, conventional paints of the flat alkyd and - 

latex emulsion types tested, when applied at the heavy rate'common 
for fire-retardant coatings, appear to have flame spread indices 
comparable to those of the fire-retardant coatings. However, one 
intumescent fire-retardant coat- showed a flame spread index 
significantly lower than that of any other tested. 
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Gaseous  d e t o n a t i o n s  have been s t u d i e d  e x t e n s i v e l y  
and o u r  b a s i c  knowledge of p r e s s u r e s  i n  t h e  d e t o n a t i o n  
wave, i t s  v e l o c i t y  and d e t a i l e d  s t r u c t u r e  i s  e x t e n s i v e .  
!-!owever, t h e r e  i s  no way of p r e d i c t i n g  u n d e r  wha t  
c o n d i t i o n s  a d e t o n a t i o n  r a t h e r  t h a n  a d e f l a g r a t i o n  w i l l  
be e s t a b l i s h e d .  T h i s  i s  no p a r t i c u l a r  c o n c e r n  i n  
fue l -oxygen  m i x t u r e s  a s  a d e t o n a t i o n  u s u a l l y  f o r m s  from 
a d e f l a g r a t i o n  a f t e r  a v e r y  s h o r t  t i n e  p e r i o d  and 
d i s t a n c e  from t h e  i q n i t i o n  s o u r c e .  F u e l - a i r  m i x t u r e s  
i n  c o n t r a s t  h a v e  seldom been obse rved  t o  d e t o n a t e  
a l t h o u g h  one would e x p e c t  t h a t  g i v e n  l a r g e  and long  
enough v e s s e l s  e v e n t u a l l y  d e t o n a t i o n  w i l l  o c c u r .  T h i s  
h a s ,  i n  f a c t ,  been obse rved  i n  n a t u r a l  g a s  and a i r  
m i x t u r e ,  where a d e t o n a t i o n  d e v e l o p e d  even a t  0.4 atm 
i n i t i a l  p r e s s u r e  i n  t u b e s  o f  61  cm d i a m e t e r  and 
93 m e t e r  l e n g t h  ( r e f .  1). 

i l e t o n a t i o n s  and t h e  r e 3 u l t i n g  hiqh p r e s s u r e  p e a k s  
a r e  a d a n g e r  i n  many i n d u s t r i a l  a p p l i c a t i o n s .  T h i s  
e x p e r i m e n t a l  i n v e s t i g a t i o n  was u n d e r t a k e n  t o  a s s e s s  
t h e  d a n g e r s  o f  d e t o n a t i o n s  o r  v e r y  h i g h  p r e s s u r e  p e a k s  
i n  l a r g e  volumes c o n t a i n i n g  f u e l - a i r  m i x t u r e s .  Of 
s p e c i a l  i n t e r e s t  was t h e  p o s s i b i l i t y  of a r r e s t i n g  
d e t o n a t i o n s  o r  d e f l a g r a t i o n  by s p r a y i n g  i n t o  t h e  t u b e  
l a r g e  amounts  o f  w a t e r .  It was t h e  o r i g i n a l  i n t e n t i o n  
t o  c o n d u c t  a l l  e x p e r i m e n t s  i n  a t u b e  of 54.6 cm d i a m e t e r  
and 9.45 m l e n g t h  t h a t  was d e s i g n e d  t o  w i t h s t a n d  h i g h  
p r e s s u r e .  However, a f t e r  i n i t i a l  e x p e r i m e n t s  t h a t  l e a d  
t o  e x t r e m e l y  h i g h  p r e s s u r e  p e a k s ,  i t  was d e c i d e d  t o  use  
t h i s  l a r g e  t u b e  f o r  e x p e r i m e n t s  a t  one a t m o s p h e r e  i n i t i a l  
p r e s s u r e  o n l y  and t o  c o n d u c t  d e t o n a t i o n  e x p e r i m e n t s  a t  
i n i t i a l  p r e s s u r e  h i g h e r  t h a n  one a tmosphe re  i n  a t u b e  
o f  s m a l l e r  d i a m e t e r  b u t  t h e  same l e n g t h  a s  t h e  l a r g e  
t u b e .  

The e x p e r i m e n t s  f a l l  r o u g h l y  i n t o  f o u r  c a t e g o r i e s .  

A. P r e s s u r e  dependence  of f u e l - a i r  d e t o n a t i o n s .  

Bo Comparison of t h e  o n s e t  o f  d e t o n a t i o n  i n  t h e  
l a r g e  and s m a l l  d i a m e t e r  t u b e .  

C. The o c c u r r e n c e  o f  a u t o i g n i t i o n  in '  t h e  
t u b e  e 

a r g e  



D. The i n f l u e n c e  of w a t e r  c u r t a i n s  on e x p l o s i o n s  
and d e t o n a t i o n s .  

In A it was ou r  i n t e n t i o n  t o  s e e  whe the r  f u e l - a i r  
m i x t u r e s  d e t o n a t e  a t  h igh  p r e s s u r e  i n  sys t ems  where 
d e t o n a t i o n s  do n o t  o c c u r  a t  one a tmosphere .  I n i t i a l  
p r e s s u r e s  were t h e r e f o r e  r a i s e d  up t o  4 0  atm. 

d i a m e t e r  t u b e  was made. A s  f u e l - a i r  m i x t u r e s  d i d  n o t  
d e t o n a t e  a t  one a tmosphe re  i n i t i a l  p r e s s u r e  i n  e i t h e r  
t u b e  oxygen e n r i c h m e n t  was used  t o  induce  d e t o n a t i o n  
and t h e  oxygen i n d e x  w a s  t a k e n  a s  measure f o r  t h e  e a s e  
w i t h  which a m i x t u r e  would d e t o n a t e .  

I n  B a compar i son  between t h e  l a r g e  and s m a l l  

In C a s t u d y  was made of t h e  v e r y  h i g h  p r e s s u r e  
p e a k s  t h a t  o c c u r  i n  r e g i o n s  where d e t o n a t i o n  i s  marg ina l .  
These  peaks  w i l l  be s e e n  t o  be due e i t h e r  t o  p r e s s u r e  
p i l i n g  or a u t o i g n i t i o n s  induced  by fo rward  or r e f l e c t e d  
shock waves. 

I n  D t h e  e f f e c t i v e n e s s  of w a t e r  c u r t a i n s  mas 
i n v e s t i g a t e d .  These  e x p e r i m e n t s  were done i n  t h e  l a r g e  
t u b e  w i t h  oxygen en r i chmen t . .  The s p r a y s  cove red  t h e  
whole c r a s s  s e c t i o n  of  t h e  t u b e  and t h e  amount of  
i n j e c t e d  w a t e r  was  e x t e n s i v e .  

The i n s t r u m e n t a t i o n  was r e s t r i c t e d  t o  h igh-speed  
p r e s s u r e  measurements .  T h i s  a l lowed  a f u l l  a n a l y s i s  o f  
t h e  p r e s s u r e  h i s t o r y  i n  t h e  t u b e  b u t  gave o n l y  i n d i r e c t  
e v i d e n c e  o f  t h e  p o s i t i o n  of  t h e  f lame f r o n t .  S u r f a c e  
the rmocoup les  w e r e  t r i e d  t o  g e t  t h i s  a d d i t i o n a l  
i n f o r m a t i o n  b u t  were  n o t  t o o  s u c c e s s f u l ,  no d o u b t  due  
t o  t h e  f a c t  t h a t  t h e  f l ame  f r o n t  d u r i n g  t h e  d e f l a g r a t i o n  
s t a g e  was h i g h l y  t u r b u l e n t  and c l e a r  s i g n a l s  were n o t  
r e c e i v e d ,  e x c e p t  when a d e t o n a t i o n  had been e s t a b l i s h e d .  
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Two c l o s e d  t u b e s  of a p p r o x i m a t e l y  the same l e n g t h  
were employed i n  t h i s  i n v e s t i g a t i o n .  A l a r g e  t u b e ,  
54.6 cm i n  d i a m e t e r ,  was used f o r  t h e  b u l k  of t h e  t e s t s  
a t  i n i t i a l  p r e s s u r e s  of one  a tmosphe re  and f o r  a l l  t e s t s  
i n  which w a t e r  was i n j e c t e d  i n t o  t h e  p a t h  o f  a 
d e f l a g r a t i o n  o r  d e t o n a t i o n .  A s m a l l  t u b e ,  38 mm i n  
d i a m e t e r ,  was used  p r i n c i p a l l y  f o r  t e s t s  a t  e l e v a t e d  
i n i t i a l  p r e s s u r e s .  Both t u b e s  were equ ipped  t o  a c c e p t  
p i e z o e l e c t r i c  p r e s s u r e  g a g e s  a t  v a r i o u s  p o s i t i o n s  a l o n g  
t h e  w a l l s  o f  t h e  t u b e s .  The l o c a t i o n s  of t h e s e  s t a t i o n s  
and of t h e  w a t e r  i n j e c t i o n  p o r t s  a r e  g i v e n  i n  T a b l e  I 
and d i a g r a m m a t i c a l l y  i n  F i g u r e  1. F r e e  s t r e a m  p r e s s u r e s  
were measured w i t h  a s  many a s  e i g h t  K i s t l e r  SLM PZ 6 
m i n i a t u r e  p i c k u p s  whose s i g n a l s  were d i s p l a y e d  on 
o s c i l l o s c o p e s  and r e c o r d s d  p h o t o g r a p h i c a l l y .  
FC 613 P i e z o - C a l i b r a t o r s  were used w i t h  f o u r  of t h e  
p i c k u p s ;  PT 63 A m p l i f i e r - C a l i b r a t o r s  were used  w i t h  t h e  
o t h e r  f o u r .  With t h e  A m p l i f i e r - C a l i b r a t o r s ,  t h e  
r e s p o n s e  of t h e  p i c k u p s  i s  150,000 c p s ;  w i t h  t h e  P iezo -  
S a l i b r a t o r s ,  t h e  r e s p o n s e  i s  somewhat l e s s .  F o r  t e s t s  
i n  t h e  s m a l l e r  t u b e ,  a d a p t e r s  were n e c e s s a r y  t o  e x t e n d  
t h e  r a n g e  of t h e  g a g e s  t o  t h e  much h i g h e r  p r e s s u r e s  
produced by d e t o n a t i o n s  a t  e l e v a t e d  i n i t i a l  p r e s s u r e s .  
These a d a p t e r s  r e d u c e  t h e  r e s p o n s e  of t h e  more s e n s i t i v e  
g a g e s  t o  a p p r o x i m a t e l y  50,000 cps  b u t  have l i t t l e  e f f e c t  
on t h e  r e s p o n s e  of t h e  o t h e r s .  

Two four-beam o s c i l l o s c o p e s  d i s p l a y e d  t h e  p r e s s u r e  
s i g n a l s  and two h i g h  speed (1.53 m e t e r s / s e c )  streak 
cameras  r e c o r d e d  them. A drum camera (12.7 meters/sec) 
was used f o r  a v e r y  f ew t e s t s  b u t ,  t hough  it p r o v i d e d  
more a c c u r a t e  wave v e l o c i t y  d e t e r m i n a t i o n s ,  it was n o t  
p o s s i b l e  t o  u s e  t h e  f a s t e r  camera g e n e r a l l y .  The r e a s o n  
i s  t h a t  a h i s t o r y  of t h e  r e f l e c t e d  waves was sough t  a s  
w e l l  a s  of t h e  i n c i d e n t  wave and t h i s  would have  
r e s u l t e d  i n  d o u b l e  e x p o s u r e  of a t  l e a s t  a p a r t  of t h e  
f i l m .  C o n s e q u e n t l y  t h e  F a i r c h i l d  cameras  were used i n  
a l m o s t  a l l  of t h e  r u n s .  One m i l l i s e c o n d  t i m i n g  b l i p s  
were superimposed on t h e  p r e s s u r e  t r a c e s ,  p r o v i d i n g  a 
time s c a l e .  A c o i l  a round  a l e a d  t o  one s p a r k  p l u g  
( s e e  be low)  gave a s i g n a l ,  d i s p l a y e d  on t h e  o s c i l l o s c o p e s ,  
i n d i c a t i n g  t h e  c a p a c i t o r  d i s c h a r g e  and t h e r e f o r e  t h e  
s t a r t  o f  a r u n  on t h e  f i l m .  

C o n s i d e r a b l e  d i f f i c u l t y  l ~ a s  e n c o u n t e r e d  i n  
a t t e m p t i n g  t o  l o a d  t o  one a tmosphe re  t h e  2,130 l i t e r  



volume of t h e  l a r g e  t u b e  w i t h  a known u n i f o r m  m i x t u r e  
o f  e x p l o s i v e  g a s e s .  The f i r s t  method was based on 
l o a d i n g  t h e  p r e v i o u s l y  e v a c u a t e d  t u b e  by p a r t i a l  
p r e s s u r e s  and t h e n  mixing t h e  g a s e s  w i th  a b lower  i n  an 
e x t e r n a l  r e c i r c u l a t i o n  l i n e .  T h i s  method was found t o  
be u n s a t i s f a c t o r y  due t o  t h e  time r e q u i r e d  t o  a c h i e v e  
even a semblance o f  a d e q u a t e  mixing and due t o  a i r  
l e a k a g e  i n t o  t h e  s y s t e m  a t  t h e  b lower  s h a f t  d u r i n g  t h e  
l o n g  mixing times. 

A r e v i s e d  s y s t e m  proved s a t i s f a c t o r y  and a l l  t e s t s  
d i s c u s s e d  h e r e i n  employed t h i s  system. I n  e s s e n c e ,  t h e  
method was b a s e d  on f i l l i n g  t h e  v e s s e l  w i t h  t h e  
component g a s e s  premixed e x t e r n a l l y  i n  t h e  d e s i r e d  
p r o p o r t i o n s  i n  t h e  f l o w  system. 

The l a r g e  t u b e  was e v a c u a t e d  t o  a p p r o x i m a t e l y  
5 cm Hg a b s o l u t e  w i t h  an a i r  e j e c t o r .  The d e s i r e d  
f l o w r a t e s  o f  a i r ,  oxygen ( i f  r e q u i r e d  f o r  t h e  p a r t i c u l a r  
r u n ) ,  and f u e l  (methane,  e t h y l e n e ,  or h y d r o g e n )  were 
e s t a b l i s h e d  u s i n g  c a l i b r a t e d  o r i f i c e s  i n  which t h e  f l o w  
was m a i n t a i n e d  c r i t i c a l .  The t h r e e  s t r e a m s  j o i n e d  i n  a 
"mixer"  f rom which  one s t r e a m  emerged a t  a p r e s s u r e  o n l y  
s l i g h t l y  above ambient .  T h i s  s t r e a m  was v e n t e d  t o  t h e  
a tmosphe re  w h i l e  t h e  f l o w s  were b e i n g  e s t a b l i s h e d ;  it 
t h e n  was a l l o w e d  t o  f l o w  i n t o  t h e  l a r g e  t u b e  w h i l e  t h e  
a i r  e j e c t o r  remained i n  o p e r a t i o n .  A f t e r  a p u r g e  a t  
low p r e s s u r e  f o r  s e v e r a l  m i n u t e s ,  t h e  t u b e  was p e r m i t t e d  
t o  f i l l  t o  one a tmosphe re  w i t h  t h e  premixed g a s e s .  
Samples  of t h e  f i n a l  m i x t u r e  i n  t h e  t u b e  and a l s o  of 
t h e  emerging s t r e a m  from t h e  m i x e r  were t a k e n  and 
s u b s e q u e n t l y  a n a l y z e d  by O r s a t .  

I g n i t i o n  of t h e  m i x t u r e  a t  one end of t h e  l a r g e  
c l o s e d  t u b e  w a s  e n s u r e d  by t h e  u s e  of t h r e e  s u r f a c e  gap 
s p a r k  p l u g s ,  e a c h  w i t h  an i n d e p e n d e n t  c a p a c i t o r  c i r c u i t .  
The e n e r g y  t o  wh ich  e a c h  c a p a c i t o r  was c h a r g e d  i n  a l l  
r u n s  was 18 j o u l e s .  

Loading o f  t h e  38 .m t u b e  f o r  i n i t i a l  p r e s s u r e s  of 
up t o  40  a t m o s p h e r e s  was a c h i e v e d  i n  t h e  f o l l o w i n g  
manner. A l a r g e  t a n k  was loaded  w i t h  t h e  d e s i r e d  g a s  
m i x t u r e  t o  one a tmosphe re  i n  t h e  same manner a s  t h e  
54.6 cm t u b e  ( d i s c u s s e d  above) .  The m i x t u r e  i n  t h e  
l a r g e  t a n k  was t h e n  f o r c e d  by w a t e r  i n t o  t h e  38 nun 
t u b e .  By t h i s  method, t h e  t u b e  was p r e p a r e d  f o r  t e s t s  
a t  i n i t i a l  p r e s s u r e s  of from one t o  40  a tmosphe res .  
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I g n i t i o n  of t h e  g a s  m i x t u r e  i n  t h i s  t u b e  was 
accompl i shed  by t h e  d i s c h a r g e  o f  a c a p a c i t o r  (18 j o u l e s )  
a c r o s s  a s u r f a c e  gap  s p a r k  p l u g  s i m i l a r  t o  t h o s e  used  
i n  t h e  54.6 cm t u b e .  

t h r e e  p o p p e t s  l o c a t e d  on a s p i r a l  on t h e  t u b e  
c i r c u m f e r e n c e .  The d i s t a n c e s  between t h e  s p a r k  p l u g s  
and t h e  t h r e e  s p r i n g  l o a d e d  w a t e r  i n j e c t o r s ,  which 
p roduce  f i n e  s p r a y s ,  a r e  g i v e n  i n  T a b l e  I. For t h e  
r u n s  w i t h  w a t e r  i n j e c t i o n ,  a 100 g a l l o n  t a n k  was f i l l e d  
p r i o r  t o  t h e  run .  With a s u i t a b l e  d e l a y  mechanism, 
h i c h  p r e s s u r e  n i t r o g e n  was a d m i t t e d  t o  t h e  w a t e r  t a n k ,  
f o r c i n g  t h e  w a t e r  t h r o u g h  t h e  t h r e e  p o p p e t s  i n  t h e  t u b e  
j u s t  p r i o r  t o  t h e  spa rk .  The d e l a y  p e r i o d  between w a t e r  
f 1 0 ~  i n i t i a t i o n  and t h e  c a p a c i t o r  d i s c h a r g e  c o u l d  be 
v a r i e d  a s  d e s i r e d .  

'r ' iater i n j e c t i o n  i n t o  t h e  54.6 cm t u b e  was t h r o u g h  
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I n  a c l o s e d  s t e e l  t u b e  38 mm i n  d i a m e t e r  and 
9.15 m e t e r s  i n  l e n g t h ,  a number of t e s t s  were made w i t h  
f u e l - a i r  m i x t u r e s  a t  i n i t i a l  p r e s s u r e s  of 1 t o  
4 0  a tmosphe res  a b s o l u t e .  The p r i n c i p a l  f u e l s  employed 
were hydrogen ,  e t h y l e n e ,  and methane. For t h e s e  t e s t s ,  
o n l y  m i x t u r e s  of a p p r o x i m a t e l y  s t o i c h i o m e t r i c  
p r o p o r t i o n s  were used .  

I n  no c a s e  was a d e t o n a t i o n  obse rved  i n  any 
m e t h a n e - a i r  run .  Even a t  t h e  h i g h e s t  i n i t i a l  p r e s s u r e  
t e s t e d ,  40 atm, the w a v e l i k e  p r e s s u r e  f l u c t u a t i o n s  
w i t h i n  t h e .  t u b e  were  rounded. The maximum p r e s s u r e s  
r e c o r d e d  a t  any s t a t i o n  for t h e s e  me thane -a i r  r u n s  were 
o n l y  two t o  t h r e e  t i m e s  t h e  i n i t i a l  p re s suxe .  

Q u i t e  d i f f e r e n t  r e s u l t s  were o b t a i n e d  w i t h  t h e  
h y d r o g e n - a i r  and e t h y l e n e - a i r  mix tu res .  For t h e s e  
m i x t u r e s ,  p r e s s u r e  r a t i o s  of a b o u t  15 f o r  t h e  f o r m e r  
m i x t u r e  and more t h a n  20 for t h e  l a t t e r  m i x t u r e  were 
r e c o r d e d  i n  some r u n s  ( T a b l e  11). These  p r e s s u r e  
r a t i o s  were c a u s e d  by d e t o n a t i o n s .  P r e s s u r e ,  however, 
c o u l d  n o t  be t h e  s o l e  c r i t e r i o n  on which t o  base  t h e  
d e s c r i p t i o n  of  t h e  t y p e  of combustion. Average 
v e l o c i t i e s  of t h e  p r e s s u r e  p u l s e s  between v a r i o u s  
s t a t i o n s  a l o n g  t h e  t u b e - a x i s  p r o v i d e  a b e t t e r  b a s i s .  
The ave rage  v e l o c i t i e s  a r e  p l o t t e d  i n  F i g u r e s  2 and 3 
f o r  t h e  h y d r o g e n - a i r  m i x t u r e s  and t h e  e t h y l e n e - a i r  
m i x t u r e s  r e s p e c t i v e l y .  These  v e l o c i t i e s  were computed 
f r o m  t h e  measured t i m e  i n t e r v a l  f o r  p a s s a g e  of  t h e  
p r e s s u r e  p u l s e  between two s u c c e s s i v e  s t a t i o n s  a t  which 
t h e  p i e z o e l e c t r i c  gauges  were l o c a t e d .  The ave rage  
v e l o c i t i e s  so computed a r e  p l o t t e d  a g a i n s t  d i s t a n c e  
f rom s p a r k  t o  t h e  mid -po in t  between t h e  t w o  a p p r o p r i a t e  
s t a t i o n s  a s  a b s c i s s a .  

Two d i s t i n c t  r e g i m e s  a r e  e v i d e n t  i n  F i g u r e s  2 and 3 ;  
t h e  lower  c o r r e s p o n d i n g  t o  d e f l a g r a t i o n s  o r  p r e s s u r e  
p u l s e s  r e s u l t i n g  f rom d e f l a g r a t i o n s ,  t h e  u p p e r  t o  
d e t o n a t i o n s ,  C l e a r l y ,  d e t o n a t i o n s  form i n  hydrogen-a i r  
m i x t u r e s  a t  6 a tm i n i t i a l  p r e s s u r e  or above. For t h e  
e t h y l e n e - a i r  c a s e ,  20 a tmospheres  a p p e a r s  t o  be t h e  
m a r g i n a l  i n i t i a l  p r e s s u r e  a t  which a d e t o n a t i o n  g e n e r a l l y  
forms. Below 20 a tm,  d e t o n a t i o n s  were n o t  obse rved  
w i t h i n  t h e  t u b e  l e n g t h .  
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The o c c u r r e n c e  o f  a d e t o n a t i o n  i s  r e a d i l y  e v i d e n t  
f rom F i g u r e s  2 and 3. However, t h e y  a r e  m i s l e a d i n g  w i t h  
r e g a r d  t o  t h e  l o c a t i o n  of t h e  o n s e t  of d e t o n a t i o n .  The 
p r e s s u r e - t i m e  r e c o r d s  show t h a t  i n  t h o s e  r u n s  i n  which 
a d e t o n a t i o n  o c c u r r e d ,  it was formed between s t a t i o n s  1 
and 2 i n  e v e r y  c a s e .  The p r e s s u r e s  d u e  t o  t h e  i n c i d e n t  
wave p a s s i n g  s t a t i o n  2 a r e  a t  l e a s t  10 times t h e  i n i t i a l  
p r e s s u r e  i n  a l l  " d e t o n a t i o n "  r u n s  a s  opposed t o  a 
maximum f a c t o r  of 3 f o r  t h e  h y d r o g e n - a i r  " d e f l a g r a t i o n "  
r u n s  and 7 f o r  t h e  C2H4-air  " d e f l a g r a t i o n "  r u n s  
(Tab le  1 1 ) .  A d d i t i o n a l  e v i d e n c e  i n d i c a t i n g  d e t o n a t i o n  
o n s e t  was between s t a t i o n s  1 and 2 i s  t h e  f a c t  t h a t  t h e  
r e c o r d s  show t h e  r a t e  of p r e s s u r e  r i s e  a t  s t a t i o n  2 was 
e s s e n t i a l l y  i n f i n i t  e ,  a s  a t  s u c c e e d i n g  s t a t i o n s ,  i n  
d e t o n a t i o n  r u n s .  I n  d e f l a g r a t i o n  r u n s ,  on t h e  o t h e r  hand,  
t h e  p r e s s u r i z a t i o n  r a t e s  t h r o u g h o u t  were f i n i t e  e x c e p t  
a t  t h e  f a r  end of t h e  t u b e  where d i s c o n t i n u i t i e s  of low 
a m p l i t u d e  were r e c o r d e d .  I n  h y d r o g e n - a i r  d e t o n a t i o n  
r u n s ,  f u r t h e r m o r e ,  no p r e c o m p r e s s i o n  of t h e  unburned 
q a s  was o b s e r v e d  a t  s t a t i o n  2 o r  a t  s t a t i o n s  6 ,  7 ,  and 8 
p r i o r  t o  t h e  a r r i v a l  of t h e  p r e s s u r e  d i s c o n t i n u i t y .  
F o r  t h e  e t h y l e n e - a i r  d e t o n a t i o n  m i x t u r e s ,  s l i g h t  
p recompress ion  a t  s t a t i o n  2 ( f r o m  20 atm i n i t i a l  
p r e s s u r e  t o  a b o u t  28 a t m )  was r e c o r d e d .  

f o r  t h e  i n t e r v a l s  between s t a t i o n s  5 and 7 and a l s o  
7 and 8 l a c k  p r e c i s i o n  m a i n l y  f o r  two r e a s o n s .  These  
i n t e r v a l s  a r e  0.5 meters i n  l e n g t h .  F o r  t h e  h i g h e s t  
v e l o c i t i e s ,  t h e r e f o r e ,  t h e  t i m e  d i f f e r e n t i a l s  f o r  
t r a v e r s a l  of t h e  i n t e r v a l s  by t h e  f l a m e  f r o n t  a r e  of t h e  
o r d e r  of loe4  s e c o n d s  o r ,  f o r  t h e  camera employed, 
t e n t h s  of a m i l l i m e t e r  of f i l m .  I n  a d d i t i o n ,  v e r y  h i g h  
f r e q u e n c y  o s c i l l a t i o n s  were r e c o r d e d  a t  s t a t i o n s  6 ,  7 ,  
and 8 i n  many of t h e  r u n s ,  p a r t i c u l a r l y  t h o s e  i n  which 
d e t o n a t i o n s  o c c u r r e d .  The a m p l i t u d e  of t h e  o s c i l l a t i o n s  
p r i o r  t o  a r r i v a l  of t h e  d e t o n a t i o n  wave was g e n e r a l l y  
v e r y  s m a l l ;  n e v e r t h e l e s s ,  t h e  p r e c i s e  i n s t a n t  of wave 
a r r i v a l  was sometimes d i f f i c u l t  t o  d e t e r n i n e  a t  
s t a t i o n s  7 and 8. F o r  t h e s e  r e a s o n s ,  t h e  a v e r a g e  
v e l o c i t i e s  between s t a t i o n s  6 and 7 and a l s o  7 and 8 a r e  
s u b j e c t  t o  an e r r o r  of up t o  4% i n  r u n s  i n  wh ich  
d e t o n a t i o n s  o c c u r r e d .  'dowever, f o r  t h e  s t a t i o n  2 t o  
s t a t i o n  6 i n t e r v a l ,  a d i s t a n c e  of 4.5 m e t e r s ,  t h e  
a v e r a g e  v e l o c i t i e s  a r e  s u b j e c t  t o  an  error of o n l y  a b o u t  
5%. 

It s h o u l d  be mentioned t h a t  t h e  a v e r a g e  v e l o c i t i e s  

The o s c i l l a t i o n s  a t  6 ,  7 ,  and 8 r e f e r r e d  t o  above 
made p r e s s u r e  d e t e r m i n a t i o n s  a t  t h e s e  s t a t i o n s  h i g h l y  
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q u e s t i o n a b l e  i n  many c a s e s .  No v a l u e s ,  t h e r e f o r e ,  a r e  
g i v e n  f o r  t h e s e  l o c a t i o n s  i n  a number of r u n s .  I n  some 
c a s e s ,  a v a l u e  i s  g i v e n  p r e c e d e d  by t h e  symbol '*eu t o  
d e n o t e  l a c k  of p r e c i s i o n  due t o  the  p r e s e n c e  of t h e  
o s c i l l a t i o n s  . 

In  s e v e r a l  r u n s ,  one o r  more p r e s s u r e  t r a c e s  went  
o f f  t h e  f i l m .  I n  t h e s e  c a s e s ,  t h e  symbol "7" h a s  been 
used  i n  t h e  t a b l e s  b e f o r e  t h e  number which c o r r e s p o n d s  
t o  t h e  maximum p r e s s u r e  a b l e  t o  be r e c o r d e d  a t  t h a t  
s t a t i o n  i n  t h e  p a r t i c u l a r  run.  The t r u e  p r e s s u r e  may 
have  been o n l y  s l i g h t l y  g r e a t e r ,  o r  c o n s i d e r a b l y  
g r e a t e r ,  t h a n  the  v a l u e  r e p o r t e d .  

Conpar i son  of D e t o n a t i o n  Runs i n  t h e  Two Tubes  

i n i t i a l  p r e s s u r e  i n  e a c h  o f  two c l o s e d  t u b e s  of 
a p p r o x i m a t e l y  t h e  same l e n g t h .  The l a r g e  t u b e  i s  
54.6 cm i n  d i a m e t e r ,  t h e  s m a l l  t u b e  38 mm i n  d i a m e t e r .  
The t e s t s  u sed  f u e l - a i r  m i x t u r e s  e n r i c h e d  w i t h  oxygen 
i n  a p p r o x i m a t e l y  s t o i c h i o m e t r i c  p r o p o r t i o n s .  To 
d e s c r i b e  t h e  d e g r e e  of a i r  e n r i c h m e n t  w i t h  oxygen, t h e  
p a r a m e t e r  oxygen i n d e x  i s  employed. Oxygen i n d e x  i s  t h e  
r a t i o  of moles  of oxygen t o  moles  of oxygen p l u s  
n i t r o g e n .  F o r  a i r ,  0.1. = 0.21, 

A s e r i e s  of t e s t s  were made a t  one atmosphere 

The r e s u l t s  of  t h e  r u n s  show t h a t  d e t o n a t i o n s  a r e  
formed a t  l o w e r  oxygen i n d e x e s  i n  t h e  s m a l l e r  (38 mm) 
t u b e .  Tab le  I11 p r e s e n t s  t h e  minimum oxygen i n d e x e s  
of a p p r o x i m a t e l y  s t o i c h i o m e t r i c  m i x t u r e s  s u p p o r t i n g  
d e t o n a t i o n s  i n  e a c h  t u b e .  The n e x t  l o w e r  oxygen i n d e x e s  
t e s t e d  a r e  a l s o  i n c l u d e d .  The s i g n i f i c a n c e  of 
" a u t o i g n i t i o n s "  r e p o r t e d  i n  t h e  t a b l e  f o r  some r u n s  i n  
t h e  l a r g e r  t u b e  w i l l  be d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

of t h e  i n c i d e n t  waves f o r  r u n s  i n  t h e  38 mm t u b e  and 
54.6 cm t u b e  r e s p e c t i v e l y .  Only r u n s  i n  which d e t o n a t i o n s  
were formed a r e  i n c l u d e d  f o r  i n  t h e s e  r u n s  o n l y  c o u l d  t h e  
l o c a t i o n  of t h e  f l a m e  f r o n t  a t  any i n s t a n t  be d e t e r m i n e d  
f rom t h e  s i g n a l s  o f  t h e  p i e z o e l e c t r i c  gauges.  Runs i n  
which w a t e r  was i n j e c t e d  i n t o  t h e  p a t h  of  a d e t o n a t i o n  
wave a r e  n o t  g i v e n  due t o  t h e  i n t e r a c t i o n s  of t h e  w a t e r  
c u r t a i n  w i t h  t h e  wave. 

o b s e r v a t i o n s .  P r a c t i c a l l y  w i t h o u t  e x c e p t i o n ,  t h e  
p r e s s u r e  due t o  t h e  i n c i d e n t  waves a r e  h i g h e r  i n  t h e  
i a r g e r  t ube .  F o r  t h e  c a s e s  of hydrogen and methane,  one 

T a b l e s  N and V p r e s e n t  p r e s s u r e  and v e l o c i t y  d a t a  

A comparison of  t h e  t a b l e s  l e a d s  t o  some i n t e r e s t i n g  

4 
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might  s a y  t h i s  f a c t  is due t o  t h e  h i g h e r  oxygen i n d e x e s  
i n  t h e  l a r g e r  t u b e .  S u r e l y ,  t h i s  i s  one consequence  of 
a g r e a t e r  oxygen c o n c e n t r a t i o n  n e c e s s a r y  t o  i n d u c e  
d e t o n a t i o n .  However, t h e  e t h y l e n e  r u n s  i n  e a c h  t u b e  
i n c l u d e  s i m i l a r  oxygen i n d e x e s ;  and h e r e  a l s o  a r e  found 
t h e  h i g h e r  p r e s s u r e s  i n  t h e  l a r g e r  t u b e ,  r e g a r d l e s s  of 
which s t a t i o n s  i n  each  t u b e  a r e  compared. 

d e g r e e  o f  p recompress ion  o c c u r r e d  a t  some s t a t i o n s  i n  
t h e  l a r g e  t u b e  p r i o r  t o  a r r i v a l  of a d e t o n a t i o n  wave. 
No s u c h  p r e s s u r e  r i s e s  were r e c o r d e d  f o r  t h e  r u n s  i n  
t h e  s m a l l e r  t u b e .  T h i s ,  however,  c a n n o t  p r e c l u d e  
e n t i r e l y  t h e  n o n - e x i s t e n c e  of p recompress ion  because  of 
t h e  r educed  s e n s i t i v i t y  (up  t o  1 / 5 t h )  of t h e  gauges  i n  
t h e  s m a l l e r  t u b e ,  n e c e s s i t a t e d  by t h e  f u e l - a i r  t e s t s  a t  
h i g h e r  i n i t i a l  p r e s s u r e s .  

I n  a d d i t i o n  t o  t h e  p r e s s u r e  d a t a ,  T a b l e s  IV and V 
g i v e  t h e  a v e r a g e  v e l o c i t y  of t h e  f l ame  f r o n t  a s  it 
p a s s e s  between v a r i o u s  p a i r s  of s t a t i o n s .  From T a b l e  I ,  
L o c a t i o n s  of S t a t i o n s ,  t h e  d i s t a n c e s  between t h e  s p a r k  
and s t a t i o n  9 ,  s t a t i o n s  9 and 10, and s t a t i o n s  10 and 11 
i n  t h e  l a r g e r  t u b e  a r e  comparable  r e s p e c t i v e l y ,  t o  t h e  
d i s t a n c e s  between t h e  s p a r k  and s t a t i o n  6 ,  s t a t i o n s  6 
and 7 ,  and s t a t i o n s  7 and 8 of t h e  s m a l l e r  t ube .  The 
a v e r a g e  v e l o c i t i e s  i n  t h e s e  r e g i o n s  a r e  p l o t t e d  i n  
F i g u r e s  4 ,  5, and 6 f o r  t h e  hydrogen ,  e t h y l e n e  and methane 
r u n s  r e s p e c t i v e l y .  It i s  e v i d e n t  from t h e s e  p l o t s  t h a t  
t h e  a v e r a g e  v e l o c i t y  of t h e  f l ame  f r o n t  a s  it t r a v e r s e s  
t h e  f i r s t  8C% of t h e  t u b e  l e n g t h  i s  g r e a t e r  i n  t h e  
s m a l l e r  t u b e  f o r  s i m i l a r  r u n s  w i t h  t h e  same oxygen 
index .  Fo r  example ,  t h e  a v e r a g e  f l ame  v e l o c i t y  i n  an 
e t h y l e n e  run  w i t h  an oxygen i n d e x  of 0.37 was 
722 m e t e r s / s e c  between t h e  s p a r k  and s t a t i o n  6 i n  t h e  
s m a l l e r  t u b e  and j u s t  380 m e t e r s / s e c  i n  t h e  comparable  
d i s t a n c e  i n  t h e  l a r g e r  t u b e .  T h i s  t r e n d  i s  t o  be 
e x p e c t e d ,  however,  a s  it l e a d s  t o  t h e  p r e v i o u s l y  s t a t e d  
f a c t  t h a t  d e t o n a t i o n s  a r e  formed more r e a d i l y  i n  t h e  
s m a l l e r  t u b e .  

t h e  a v e r a g e  v e l o c i t y  of t h e  d e t o n a t i o n  wave i n  t h e  
s u b s e q u e n t  0.5 m e t e r  of t h e  t u b e  l e n g t h  i s  g r e a t e r  i n  
t h e  l a r g e r  t u b e  t h a n  i n  t h e  s m a l l e r  t ube .  R e f e r r i n g  
a g a i n  t o  t h e  e t h y l e n e  r u n s  w i t h  a n  oxygen i n d e x  o f  0.37, 
t h e  a v e r a g e  v e l o c i t y  between s t a t i o n s  6 and 7 i n  t h e  
s m a l l  t u b e  was 1670 m e t e r s / s e c  a s  opposed t o  2270 me te r s / sec  
i n  t h e  comparable  r e g i o n  i n  t h e  l a r g e r  t u b e .  

The two t a b l e s  a l s o  i n d i c a t e  t h a t  a t  l e a s t  some 

F u r t h e r  e x a m i n a t i o n  of F i g u r e s  4-6 i n d i c a t e s  t h a t  
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The d a t a  i n d i c a t e s ,  t h e n ,  t h a t  f o r  s i m i l a r  m i x t u r e s  
s u p p o r t i n g  d e t o n a t i o n s  i n  e a c h  t u b e  t h e  a v e r a g e  v e l o c i t y  
of t h e  f l ame  f r o n t  i s  g r e a t e r  i n  t h e  smaller t u b e  o v e r  
t h e  f i r s t  8 meters and t h e n  l o w e r  i n  t h e  s u b s e q u e n t  
0.5 m e t e r  d i s t a n c e .  
i n d u c t i o n  d i s t a n c e  was found q u a l i t a t i v e l y  t o  be s h o r t e r  
i n  t h e  s m a l l e r  t u b e  t h a n  i n  t h e  l a r g e r  t u b e  f o r  the same 
t e s t  m i x t u r e ,  C o n s e q u e n t l y  a s t a b l e  d e t o n a t i o n  v e l o c i t y  
would be approached  e a r l i e r  i n  t h e  s m a l l e r  t u b e ;  whereas ,  
i n  t h e  same r e g i o n  of t h e  l a r g e r .  t u b e ,  t h e  d e t o n a t i o n  
v e l o c i t y  would s t i l l  be s i g n i f i c a n t l y  i n  t h e  o v e r d r i v e n  
mode. 

T h i s  i s  t o  be  e x p e c t e d  because  t h e  

Occurrence  of  A u t o i q n i t i o n s  u n d e r  M a r q i n a l  C o n d i t i o n s  

I n  a d d i t i o n  t o  t h e  d e f l a g r a t i o n  and d e t o n a t i o n  
p r o c e s s e s  on which  t h e  p r e s e n t  work was b a s e d ,  a t h i r d  
phenomenon, te rmed a u t o i g n i t i o n ,  w a s  obse rved  i n  some 
r u n s  i n  t h e  54.6 cm t u b e  only .  I n v a r i a b l y ,  t h e  p r o c e s s  
o c c u r r e d  i n  t h e  downstream end o f  t h e  c l o s e d  t u b e  i n  t h e  
r e g i o n  of  t h e  c o n i c a l  f r u s t u m  ( F i g u r e  1). I n  g e n e r a l ,  
t h e  phenomenon was obse rved  i n  r u n s  i n  which t h e  oxygen 
i n d e x  was be tween t h o s e  s u p p o r t i n g  d e f l a g r a t i o n s  and 
t h o s e  forming  d e t o n a t i o n s .  P r e s s u r e  d i s t u r b a n c e s  f rom 
t h e  a c c e l e r a t i n g  f l ame  f r o n t  i n  such  r u n s  are 
c o m p a r a t i v e l y  s t r o n g ,  I n  f a c t ,  shocks  were r e c o r d e d  i n  
a l l  " a u t o i g n i t i o n "  r u n s  j u s t  p r i o r  t o  t h e  o c c u r r e n c e  o f  
t h e  phenomenon. 

The e v e n t s  l e a d i n g  t o  t h e  a u t o i g n i t i o n s  i n  a l l  
t w e l v e  such  r u n s  w i t h  t h e  t h r e e  d i f f e r e n t  f u e l s  can  be  
c l a s s e d  a s  one of  t h r e e  t y p e s :  

t h e  t u b e ,  a r e  r e f l e c t e d ,  p a s s  up  t h e  t u b e ,  a r e  a g a i n  
r e f l e c t e d ,  merge i n t o  one  shock ,  and p a s s  down t h e  t u b e  
f o r  t h e  second t i m e .  A second r e f l e c t i o n  a t  t h e  
downstream end of  t h e  t u b e ,  i.e, t h e  r e g i o n  o f . t h e  
c o n i c a l  f r u s t u m ,  may o r  may n o t  o c c u r  j u s t  p r i o r  t o  t h e  
l a r g e  p r e s s u r e  " k i c k "  of t h e  a u t o i g n i t i o n .  T h i s  
mechanism was o b s e r v e d  c l e a r l y  i n  two e t h y l e n e  r u n s  and  
one  methane run .  A l l  t h r e e  r u n s  had t h e  l o w e s t  oxygen 
i n d e x e s  f o r  a p a r t i c u l a r  oxygen-fue l  r a t i o  of any  r u n s  
i n  which a u t o i g n i t i o n  o c c u r r e d .  T a b l e  V I  shows t h a t  
t h e  two e t h y l e n e  r u n s  o f  t h e  t y p e  u n d e r  d i s c u s s i o n  had 
c o m p o s i t i o n s  of 0.1. = 0.29 w i t h  O/F = 2.3 and 
0.1. = 0.37 w i t h  O/F = 4.6. The methane r u n  was f o r  
0.1. = 0.39 w i t h  O/F = 2.1, A l l  r u n s  w i t h  t h e s e  f u e l s  
u n d e r  c o n d i t i o n s  o f  s i m i l a r  oxygen- fue l  r a t i o s  and l o w e r  

1. Double sh-ocks of low s t r e n g t h  which  p a s s  down 
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oxygen i n d e x e s  r e s u l t e d  i n  d e f l a g r a t i o n s  o n l y .  

2. Double shocks  whose s t r e n g t h s  a r e  somewhat 
g r e a t e r  t h a n  tho-se d i s c u s s e d  above ( i . e .  p r e s s u r e  r a t i o s  
of- 2.5 vs.ul.8). In  t h i s  c a s e ,  t h e  f i r s t  shock  of t h e  
p a i r  i s  r e f l e c t e d  a t  t h e  downstream end of t h e  t u b e  and 
i s  t h e n  met n e a r  s t a t i o n  12 by t h e  second shock  t r a v e l i n q  
downstream. T h i s  mechanism was o b s e r v e d  i n  f o u r  r u n s  a s  
i n d i c a t e d  i n  T a b l e  VI.  

3. A s i n g l e  shock of g r e a t e r  s t r e n g t h  ( p r e s s u r e  
r a t i o M 7 . 5 ) .  Here,  no r e f l e c t e d  wave was r e c o r d e d  a t  
s t a t i o n  12 p r i o r  t o  t h e  sudden l a r g e  p r e s s u r e  k i c k  of 
t h e  a u t o i g n i t i o n .  F i v e  r u n s  e x h i b i t e d  t h i s  b e h a v i o r .  

o c c u r r e d  i n d i s c r i m i n a t e l y  a t  oxygen i n d e x e s  above t h o s e  
of (1) above. 

T a b l e  V I  i n d i c a t e s  t h a t  t h e  l a s t  two mechanisms 

I 

.. 

b 

t 

The f a c t  t h a t  t h e  f i r s t  l a r g e l p r e s s u r e  " k i c k "  
a p p e a r e d  a t  s t a t i o n  12 i n  a l l  r u n s  i s  s i g n i f i c a n t .  
Fu r the rmore ,  t h e  s t a t i o n  12 p r e s s u r e - t i m e  t r a c e  r e c o r d e d  
one  o r  more s m a l l  s h o c k s ,  a s  d e s c r i b e d  a b o v e ,  j u s t  p r i o r  
t o  t h e  sudden,  l a r g e  p r e s s u r e  r i s e .  C o n s e q u e n t l y ,  t h e  
a u t o i g n i t i o n s  o c c u r r e d  between s t a t i o n  12 and t h e  end-  
f l a n g e  i n  a l l  c a s e s .  I n  a f e w  c a s e s ,  t h e  phenomenon 
o c c u r r e d  p r a c t i c a l l y  a t  s t a t i o n  12. Here, t h e  sudden 
p r e s s u r e  r i s e  was n o t  i n  t h e  form of a d i s c o n t i n u i t y  i n  
t h e  t r a c e ;  r a t h e r ,  t h e  t r a c e  showed a c o n t i n u o u s l y  
i n c r e a s i n g  s l o p e  from e s s e n t i a l l y  z e r o  t o  i n f i n i t y .  
T h i s  rounded n a t u r e  of t h e  t r a c e  c o r r e s p o n d s  t o  t h e  
p e r i o d  o f  r a p i d  b u t  f i n i t e  b u i l d - u p  f rom i g n i t i o n  t o  
n e a r l y  i n s t a n t a n e o u s  e x p l o s i o n  of the  compressed 
m i x t u r e .  

I n  t h e  m a j o r i t y  of r u n s ,  however ,  even  t h e  f i r s t  
l a r g e  p r e s s u r e  k i c k ,  which was a l w a y s  r e c o r d e d  a t  
s t a t i o n  12, was  i n  t h e  form o f  a d i s c o n t i n u i t y .  I n  
t h e s e  r u n s ,  t h e n ,  i g n i t i o n  o c c u r r e d  s u f f i c i e n t l y  
downstream of s t a t i o n  12 t o  a l l o w  t h e  r e s u l t a n t  d e t o n a -  
t i o n  wave, t r a v e l i n g  u p s t r e a m  t o  o v e r t a k e  t h e  p r e s s u r e  
d i s t u r b a n c e s  o f  t h e  b u i l d i n g - u p  p r o c e s s .  The t r a c e  a t  
s t a t i o n  12, t h e r e f o r e ,  r e c o r d e d  a d i s c o n t i n u i t y  due t o  
t h e  r e s u l t a n t  o v e r d r i v e n  d e t o n a t i o n  wave. A l though  
p r e c i s e  d e t e r m i n a t i o n s  were  l i m i t e d  by t h e  t ime 
r e s o l u t i o n  of t h e  s t r e a k  camera,  an a p p r o x i m a t e  a v e r a g e  
v e l o c i t y  of t h e  o v e r d r i v e n  d e t o n a t i o n  wave between 
s t a t i o n s  12 and  9 was 3000 m e t e r s / s e c .  The computa t ion  
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d o e s  n o t  r e f l e c t  t h e  p o s s i b i l i t y  t h a t  t h e  o v e r d r i v e n  
d e t o n a t i o n  wave, t r a v e l i n g  ups t r eam,  might  e n t e r  b e f o r e  
r e a c h i n g  s t a t i o n  9 ,  t h e  burned g a s  r e g i o n  behind  t h e  
f l a m e  f r o n t  p r o p a g a t i n g  downstream f rom t h e  s p a r k  
i g n i t i o n  s o u r c e .  

t h e  v e r y  h i g h  p r e s s u r e s  g e n e r a t e d  from i n i t i a l  p r e s s u r e s  
of one a tmosphere .  These  p r e s s u r e  peaks  a r e  g r e a t e r  by 
a f a c t o r  of  2 o r  3 t h a n  t h e  p r e s s u r e s  r e c o r d e d  i n  
d e t o n a t i o n  r u n s  due t o  t h e  i n c i d e n t  d e t o n a t i o n  wave 
t r a v e l i n g  downstream. P r e s s u r e  peaks  of a p p r o x i m a t e l y  
80 a tmospheres  were r e c o r d e d  i n  two methane r u n s  due t o  
a u t o i g n i t i o n s  ( T a b l e  V I ) .  

The most s t r i k i n g  e f f e c t  o f  t h e  a u t o i g n i t i o n s  i s  

Water  I n j e c t i o n  T e s t s  

(! 

I 
1 

S e v e r a l  t e s t s  w e r e  made i n  t h e  54.6 cm t u b e  w i t h  
w a t e r  i n j e c t e d  i n t o  t h e  p a t h  of  a d e f l a g r a t i o n  o r  
d e t o n a t i o n .  T h r e e  p o p p e t s  were used  a s  i n j e c t o r s ,  
p roduc ing  a f i n e  s p r a y .  The d i s t a n c e s  between t h e  s p a r k  
and t h e  t h r e e  w a t e r  i n j e c t i o n  p o r t s  a r e  g i v e n  i n  Tab le  I. 
The p o r t s  a r e  l o c a t e d  120° a p a r t  on a s p i r a l  on t h e  t u b e  
c i r c u m f e r e n c e .  Each s p r i n g - l o a d e d  w a t e r  i n  j e c t o r  h a s  
s p r a y  s h i e l d s  s u i t a b l y  o r i e n t e d  such  t h a t  t h e  ma jo r  a x i s  
of t h e  r e s u l t i n g  e l l i p t i c a l  ho l low s p r a y  i s  normal t o  
t h e  t u b e  a x i s .  S i n c e  t h e  a n g l e  of ups t r eam p e n e t r a t i o n  
i s  a p p r o x i m a t e l y  200,  an a tomized  w a t e r  c u r t a i n  was 
produced  whose t h i c k n e s s  was more t h a n  36 cm. G e n e r a l l y ,  
t h e  t o t a l  w a t e r  f l o w r a t e  i n  e a c h  run  was 51 kg/sec. 

The p r e s e n c e  of  t h e  w a t e r  c u r t a i n  had two p r i n c i p a l  
e f f e c t s .  It e i t h e r  p r e v e n t e d  i g n i t i o n  of t h e  c o m b u s t i b l e  
m i x t u r e  by t h e  s p a r k ,  o r  it slowed p r o p a g a t i o n  of  t h e  
f l a m e  f r o n t .  

I n  n e a r l y  h a l f  o f  t h e  r u n s  made w i t h  w a t e r  
i n j e c t i o n ,  no p r e s s u r e  r ises  were r e c o r d e d  and no 
a u d i b l e  e v i d e n c e  of an  e x p l o s i o n  was hea rd .  N e v e r t h e l e s s ,  
t h e  c a p a c i t o r  d i s c h a r g e  s i g n a l  was r e c o r d e d  i n d i c a t i n g  
t h a t  a spa rk  d i d  o c c u r .  I t  i s  b e l i e v e d  t h a t  a l t h o u g h  a 
s p a r k  o c c u r r e d ,  t h e  m i x t u r e  f a i l e d  t o  i g n i t e  due t o  t h e  
p r e s e n c e  of  much w a t e r  v a p o r  and/or  d r o p l e t s  i n  t h e  
immediate v i c i n i t y  of t h e  s p a r k  p lugs .  d u a l i t a t i v e l y ,  
t h e  amount of w a t e r ,  f o r  c o n s t a n t  i n l e t  f l o w r a t e ,  i n  t h e  
form of vapor and /o r  d r o p l e t s  i n  the immediate v i c i n i t y  
of t h e  s p a r k  p l u g s  may be e x p r e s s e d  by t h e  t i m e  d e l a y  
between i n i t i a t i o n  of w a t e r  f l o w  and t h e  d i s c h a r g e  of 
t h e  c a p a c i t o r s .  T h i s  d e l a y  p e r i o d  was n e c e s s a r y  due 
p a r t l y  t o  t h e  v e l o c i t y  of a f l ame  and p a r t l y  t o  t h e  f a c t  
t h a t  up t o  0.10 second e l a p s e d  between t h e  b e g i n n i n g  of 
f l o w  t h r o u g h  t h e  p o p p e t s  and a t t a i n m e n t  of s t e a d y  s t a t e  
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flow. The d e l a y  p e r i o d ,  L i t ,  i s  i n c l u d e d  where known f o r  
t h e  a p p r o p r i a t e  r u n s  i n  T a b l e  VIi. i n  g e n e r a l ,  t h e  
l o n g e r  t h e  d e l a y  p e r i o d ,  t h e  more l i k e l y  i g n i t i o n  w i l l  
n o t  occu r .  However, r u n s  120, 110, and 133 ( T a b l e  V I I )  
a r e  e x c e p t i o n s .  I t  should be  emphasized t h a t  t h e  
r e c o r d s  i n d i c a t e  t h e  c o m b u s t i b l e  m i x t u r e s  f a i l e d  t o  
i g n i t e  i n  such  runs .  T h e r e  was no i n d i c a t i o n  t h a t  
combust ion o c c u r r e d  i n  t h e  t u b e  s e c t i o n  between t h e  s p a r k  
and t h e  w a t e r  c u r t a i n .  The p r e s s u r e  r e c o r d s  of s t a t i o n  2 ,  
which i s  l o c a t e d  i n  t h i s  s e c t i o n ,  showed no p r e s s u r e  
r i ses .  I n  a few of t h e s o  r u n s  a s u r f a c e  t h e r m o c o u p l e ,  
whose r e s p o n s e  i s  e q u a l  t o  t h a t  of t h e  p r e s s u r e  gauges ,  
was l o c a t e d  a t  s t a t i o n  1. The t h e r m o c o u p l e ,  t o o ,  gave 
n o  i n d i c a t i o n  of combust ion i n  t h e  t u b e  between t h e  
spark  and t h e  w a t e r  c u r t a i n .  I t  rnust be i n f e r r e d ,  t h e n ,  
t h a t  t h e  i n j e c t e d  w a t e r  i n  no c a s e  e x t i n g u i s h e d  a f lame 
a l r e a d y  e s t a b l i s h e d ;  r a t h e r , t h e  w a t e r  p r e v e n t e d  i g n i t i o n  
i n  such  r u n s .  

The second p r i n c i p a l  e f f e c t  of t h e  w a t e r  c u r t a i n  
was t o  d e l a y  t h e  p r o p a g a t i o n  of a d e f l a g r a t i o n  o r  
d e t o n a t i o n .  F i g u r e s  7 ,  8,  and 9 i l l u s t r a t e  t h i s  f a c t  
g r a p h i c a l l y .  High f r e q u e n c y  o s c i l l a t i o n s  wh ich  were 
g e n e r a l l y  r e c o r d e d  a t  e a c h  s t a t i o n  a f t e r  p a s s a g e  o f  a 
d e t o n a t i o n  wave have  been o m i t t e d  from t h e  f i g u r e s  f o r  
p u r p o s e s  of c l a r i t y .  These  o s c i l l a t i o n s  were  u s u a l l y  of 
r e l a t i v e l y  low a m p l i t u d e  though  o c c a s i o n a l l y  t h e y  
o b s c u r e d ,  t o  some d e g r e e  a t  l e a s t ,  s u b s e q u e n t  p r e s s u r e  
p u l s e s .  The r e f l e c t e d  waves ( s e e  be low)  a t  s t a t i o n  1 2  
of  F i g u r e  7 and a t  s t a t i o n  9 of a l l  t h r e e  f i g u r e s  were 
so a f f e c t e d  and c o n s e q u e n t l y  t h e i r  r e p r e s e n t a t i o n s  a r e  
l e s s  p r e c i s e .  

p o r t s  a r e  l o c a t e d  between s t a t i o n s  2 and 3. From 
F i g u r e s  7 and 9 e s p e c i a l l y ,  it is e v i d e n t  t h a t  t h e  
w a t e r  c u r t a i n  a t t e n u a t e d  t h e  shock r e c o r d e d  a t  
s t a t i o n  2. I f  it i s  assumed t h a t  t h e  f i r s t  p r e s s u r e  
d i s t u r b a n c e  r e c o r d e d  a t  s t a t i o n  3 ( F i g .  7 )  i s  due  tQ 
t h e  shock a t  s t a t i o n  2, t h e n  t h e  a v e r a g e  v e l o c i t y  of  
t h e  wave between t h e  two s t a t i o n s  i s  a b o u t  200 m/sec. 
C l e a r l y ,  t h e  w a t e r  c u r t a i n  n o t  o n l y  a t t e n u a t e d  t h e  
shock b u t  a l s o  c a u s e d  t h e  wave t o  t r a v e l  a t  an 
a p p a r e n t l y  s u b s o n i c  v e l o c i t y .  The p r e s s u r e  t r a c e s  a t  
s t a t i o n s  4 and 9 g i v e  e v i d e n c e  t h a t  a f l a m e  emerged 
from t h e  w a t e r  c u r t a i n  and s u b s e q u e n t l y  a c c e l e r a t e d  t o  
form a d e t o n a t i o n  between t h e  two s t a t i o n s .  The second 

A s  i n d i c a t e d  i n  T a b l e  I ,  t h e  t h r e e  w a t e r  i n j e c t i o n  
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peak  a t  s t a t i o n  9 i s  due t o  t h e  wave t r a v e l i n g  u p s t r e a m  
a f t e r  b e i n g  r e f l e c t e d  o f f  t h e  c l o s e d  downstream end of 
t h e  t u b e .  The r e f l e c t e d  wave i s  seen a t  a l a t e r  time 
a t  s t a t i o n  4 ,  t h a n  a t  3 and f i n a l l y  a t  2. Between 
s t a t i o n s  3 and 2, t h e  r e f l e c t e d  wave was a g a i n  a t t e n u a t e d  
a s  i t  passed  t h r o u g h  t h e  w a t e r  c u r t a i n .  

Because a d e t o n a t i o n  was formed between s t a t i o n s  4 
and 9 i n  t h i s  r u n ,  t h e  d o u b l e  p e a k s ,  r e c o r d e d  on t h e  
s t a t i o n  4 t r a c e  between t h e  i n c i d e n t  and r e f l e c t e d  waves,  
a r e  b e l i e v e d  t o  be due  t o  a r e t o n a t i o n  wave. T h i s  wave 
h a s  been p a r t i a l l y  o v e r t a k e n  by t h e  r e f l e c t e d  wave a t  
s t a t i o n  3 and hence  t h e  l a t t e r  wave was s t r e n g t h e n e d  t o  
t h e  p o i n t  of g o i n g  o f f  t h e  f i l m  ( i n d i c a t e d  by t h e  
d o t t e d  l i n e s ) .  It i s  b e l i e v e d  t h a t  t h e  d o u b l e  p e a k s  
r e c o r d e d  on t h e  s t a t i o n  4 t r a c e  a r e  due t o  t h e  t h r e e  
d i m e n s i o n a l  c h a r a c t e r i s t i c s  of t h e  combust ion i n  such a 
l a r g e  volume. I n s i d e  a t u b e  of 54.6 cm d i a m e t e r ,  a 
d e f l a g r a t i o n  wave t r a v e l i n g  t h r o u g h  a c o m b u s t i b l e  
m i x t u r e  i s  n o t  a p l a n e  s u r f a c e  b u t  r a t h e r  it advances  a s  
t o n g u e s  of f l a m e  l e a p  fo rward  a t  v a r i o u s  a c u t e  a n g l e s  
w i t h  t h e  t u b e  a x i s .  C o n s e q u e n t l y ,  t h e  p r e s s u r e  
d i s t u r b a n c e s  which r e s u l t  f rom t h e s e  t o n g u e s  of  f l ame  
and which a r e  p r o p a g a t e d  i n  a l l  d i r e c t i o n s  r e a c h  
v a r i o u s  p o i n t s  on a g i v e n  c i r c u m f e r e n c e  of t h e  t u b e  
a t  d i f f e r e n t  times. The waves a r e  t h e n  r e f l e c t e d  from 
t h e  t u b e  w a l l s ,  i n t e r a c t ,  e tc .  I n  consequence of t h i s  
b e h a v i o r ,  a p r e s s u r e  t r a n s d u c e r ,  which o c c u p i e s  b u t  a 
s m a l l  p o i n t  on t h e  l a r g e  c i r c u m f e r e n c e  of t h e  t u b e ,  can  
be e x p e c t e d  t o  r e c e i v e  m u l t i p l e  p r e s s u r e  d i s t u r b a n c e s  
a s  it i s  p a s s e d  by d e f l a g r a t i o n  or r e t o n a t i o n  waves. 
A d e t o n a t i o n  wave, because  of i t s  v e l o c i t y ,  i s  more 
l i k e l y  t o  be p l a n a r  and t h e r e f o r e  l e s s  a p t  t o  c a u s e  
m u l t i p l e  p r e s s u r e  p e a k s  a s  it p a s s e s  a t r a n s d u c e r .  
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D I SCUS S ION 

S y s t e m a t i c  s t u d i e s  of  d e t o n a t i o n s  i n  f u e l - a i r  f l a m e s  
have so f a r  n o t  been r e p o r t e d  i n  t h e  l i t e r a t u r e .  
However 3 0 1 1 i n g e r ,  Fong and Edse (Ref .  2 )  found t h a t  
hydrogen-oxygen f l a m e s ,  s l i g h t l y  d i l u t e d  w i t h  n i t r o g e n  
have a s h o r t e r  i n d u c t i o n  d i s t a n c e  from t h e  s p a r k  t o  t h e  
o n s e t  o f  d e t o n a t i o n  a t  5 atm i n i t i a l  p r e s s u r e  t h a n  a t  
ambien t  c o n d i t i o n s .  Thus d e t o n a t i o n s  seem t o  be i n d u c e d  
more e a s i l y  a t  h i g h  p r e s s u r e s  t h a n  a t  1 atm. I t  h a s  now 
been e s t a b l i s h e d  t h a t  hydrogen and e t h y l e n e - a i r  m i x t u r e s  
w i l l  d e t o n a t e  g i v e n  h i g h  enough i n i t i a l  p r e s s u r e  i n  
tuDes  a s  s h o r t  a s  a p p r o x i m a t e l y  10  meters. The r e a s o n  
f o r  t h i s  f a c t  i s  n o t  e n t i r e l y  c l e a r .  A t r i v i a l  e x p l a n a -  
t i o n  would be t h a t  a t  lower p r e s s u r e s  t h e  t u b e  d i a m e t e r  
( 2 5  m m )  i s  below t h e  c r i t i c a l  d i a m e t e r  n e c e s s a r y  f o r  
d e t o n a t i o n .  T h i s  however o v e r l o o k s  t h e  f a c t ,  a s  
d i s c u s s e d  below,  t h a t  a s m a l l  d i a m e t e r  t u b e  may i n d u c e  
d e t o n a t i o n s  more r e a d i l y  t h a n  a t u b e  of l a r g e  d i a m e t e r .  
!.lore s i g n i f i c a n t  i s  t h e  f a c t  t h a t  even a t  l o w  p r e s s u r e ,  
d e f l a g r a t i o n  o r  p r e s s u r e  p u l s e s  r e a c h  v e r y  h i g h  
v e l o c i t i e s  t h a t  a r e  n o r m a l l y  t h e  p r e c u r s o r  o f  
d e t o n a t i o n .  It i s  f e l t  t h a t  t h e  g r e a t e r  e a s e  !with 
which d e t o n a t i o n s  a r e  e s t a b l i s h e d  a t  h i g h e r  p r e s s u r e  i s  
du. t o  t h e  s l o w e r  d i s s i p a t i o n  of h e a t  due  t o  t h e  h i g h e r  
d e n s i t y  of t h e  b u r n t  gas .  The way a d e f l a g r a t i o n  forms 
a d e t o n a t i o n  can  be a e s c r i b e d  i n  g e n e r a l  t e r n s  3 s  
f o l l o w s :  A l a m i n a r  f l ame  c l o s e  t o  t h e  s p a r k  i s  d r i v e n  
fo rward  by t h e  e x p a n s i o n  of t h e  b u r n t  g a s e s  and 
g r a d u a l l y  becomes h i g h l y  t u r b u l e n t .  Very h i g h  
v e l o c i t i e s  up t o  1000 m e t e r s / s e c  a r e  r e c o r d e d  d u r i n g  
t h i s  s t a q e .  Shock waves a r e  formed and p a r t i a l l y  
o v e r t a k e  t h e  f l ame  f r o n t .  These  shock waves form a 
d e t o n a t i o n  r a t h e r  s u d d e n l y ,  c r e a t i n g  s t r o n g  p r e s s u r e  
p u l s e s  t h a t  a r e  a l s o  t r a n s m i t t e d  t h r o u g h  t h e  w a l l s  of 
t h e  s t e e l  t u b e  and r e c o r d  on t h e  p r e s s u r e  t r a n s d u c e r s .  
These p r e s s u r e  p u l s e s  i n  some i n s t a n c e s  a l l o w  t o  
d e t e r m i c e  t h e  a c c u r a t e  l o c a t i o n  of t h e  o n s e t  o f  
G e t o n a t i o n .  The b u r n t  g a s e s  a l s o  w i l l  s u f f e r  h e a t  
l o s s e s  due  t o  c o n d u c t i o n  t o  t h e  w a l l .  It  seems t h a t  a 
c r i t i c a l  c c n d i t i o n  i s  r eached  a t  an e a r l y  s t a g e  b e f o r e  
t h e  t u r b u l e n t  f l ame  r e a c h e s  h i g h  v e l o c i t i e s .  I f  t h e  
b u r n t  g a s e s  c o o l  f a s t  enough a t  low p r e s s u r e  t h e n  t h e  
fo rward  t h r u s t  of t h e  f l ame  f r o n t  w i l l  n o t  r e a c h  t h e  
v a l u e  n e c e s s a r y  t o  c r e a t e  t h e  t u r b u l e n t  f l a m e  t h a t  i n  
t u r n  r e a c h e s  t h e  v e r y  h i g h  v e l o c i t i e s .  The c r e a t i o n  of 
t h e  f a s t  t u r b u l e n t  f l ame  w i l l  t h e r e f o r e  depend on 
p r e s s u r e  t h a t  c o n t r o l s  t h e  d i s s i p a t i o n  of h e a t  of t h e  



b u r n t  g a s e s ,  and on t h e  fundamen ta l  b u r n i n g  v e l o c i t y  
which c o n t r o l s  ( t o g e t h e r  w i t h  t h e  forward  movement of 
t h e  g a s )  t h e  f l a m e  speed .  T h i s  e x p l a i n s  t h e  g r e a t e r  
e a s e  w i t h  which h y d r o g e n - a i r  forms the f a s t  t u r b u l e n t  
f l a m e s  than  e t h y l e n e - a i r .  I n  me thane -a i r  t h e  ve ry  f a s t  
f l a m e s  were n e v e r  obse rved .  

i s  t h e  e a s e  w i t h  which  a d e t o n a t i o n  fo rms  from shock 
waves. T h i s  c o n d i t i o n  may be r e l a t e d  t o  spon taneous  
i g n i t i o n  w i t h  s h o r t  i n d u c t i o n  pe r iod .  
t h e  f o r m a t i o n  of a d e t o n a t i o n  t h u s  would depend on t w o  
c o n d i t i o n s ;  one r e l a t e s  t o  t h e  f o r m a t i o n  of ve ry  f a s t  
t u r b u l e n t  f l a m e s  t h a t  w i l l  c r e a t e  shock waves, t h e  
second c o n c e r n s  i g n i t i o n  from shock waves. 

Methane-a i r  f l a m e s  have a s m a l l e r  b u r n i n g  v e l o c i t y  
t h a n  e t h y l e n e - a i r  f l a m e s ,  b u t  t h e  r e d u c t i o n  i s  r a t h e r  
minor  when one c o n s i d e r s  t h e  d i f f e r e n c e s  between hydrogen 
and e t h y l e n e .  I t  i s  t h e r e f o r e  a s u r p r i s e  t h a t  methane- 
a i r  f l ames  d o  n o t  g i v e  r i s e  t o  d e t o n a t i o n s  a t  40 atm; 
i n  f a c t  t h e  d e f l a g r a t i o n  i s  so mi ld  t h a t  p r e s s u r e  r a t i o s  
a r e  ve ry  s m a l l  and much l e s s  t h a n  t h e o r e t i c a l .  A t  one  
a tmosphere  t h e  r a t e  of h e a t  d i s s i p a t i o n  i s  comparable  
t o  t h e  f o r m a t i o n  of h e a t  i n  t h e  flame f r o n t ,  t h u s  a 
f a s t  f lame never m a t e r i a l i z e s  i n  a t u b e  of s m a l l  
d i a m e t e r .  A t  h i g h  p r e s s u r e  i t  h a s  been found t h a t  t h e  
fundamen ta l  b u r n i n g  v e l o c i t y  of me thane -a i r  i s  g r e a t l y  
reduced  (Ref .  3). and i s  o n l y  a b o u t  6 cm/sec a t  40 atm. 
Thus a g a i n  no f a s t  t u r b u l e n t  f l ame  w i l l  form. Methane- 
a i r , f l a m e s  seem t o  be un ique  i n  t h a t  i n c r e a s e d  p r e s s u r e  
d o e s  n o t  promote d e t o n a t i o n .  I n  g e n e r a l ,  it is f e l t  
t h a t  i n c r e a s e d  p r e s s u r e  h a s  an i n f l u e n c e  on t h e  f i r s t  
c o n d i t i o n s  ( f a s t  t u r b u l e n t  f lame ) f o r  d e t o n a t i o n  r a t h e r  
t h a n  on t h e  second ( f o r m a t i o n  of  d e t o n a t i o n  from shock 
waves )  a s  shock waves of a g i v e n  p r e s s u r e  r a t i o  w i l l  
l e a d  t o  n e a r l y  i d e n t i c a l  t e m p e r a t u r e  i n c r e a s e s ,  
i ndependen t  of i n i t i a l  p r e s s u r e .  

a lways  o c c u r r e d  between s t a g e s  1 and 2; t h u s  e i t h e r  
d e t o n a t i o n  sets  i n  r e l a t i v e l y  e a r l y  o r  n o t  a t  a l l .  
I t  i s  t h e r e f o r e  q u e s t i o n a b l e  w h e t h e r  h y d r o g e n - a i r  would 
d e t o n a t e  i n  a t u b e  of 100 m e t e r s  l e n g t h  and 38 mm 
d i a m e t e r  a t  a l o w e r  p r e s s u r e  t h a n  i n  t h e  10 m e t e r  l o n g  
t u b e .  

l a r g e  and s m a l l  t u b e  it h a s  t o  be r e a l i z e d  t h a t  
p r a c t i c a l l y  a l l  d a t a  were  t a k e n  i n  a r e g i o n  where 

A second c r i t i c a l  c o n d i t i o n  n o t  y e t  f u l l y  unde r s tood  

I n  g e n e r a l  terms 

It i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  d e t o n a t i o n s  

In  making a compar ison  between t h e  d a t a  on t h e  
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d e t o n a t i o n  i s  m a r g i n a l .  Thus no s t a b l e  d e t o n a t i o n  
v e l o c i t i e s  a r e  e s t a b l i s h e d  a s  y e t ,  d e t o n a t i o n s  may be 
o v e r d r i v e n  and o v e r p r e s s u r e s  may be p r e s e n t .  T h i s  
r e g i o n  i s  of l i t t l e  i n t e r e s t  t h e o r e t i c a l l y  b u t  of  g r e a t  
i n t e r e s t  p r a c t i c a l l y  a s  a l l  f u e l - a i r  d e t o n a t i o n s  a r e  
rnargina 1. 

O r i g i n a l l y  t h e  comparison between s m a l l  and l a r g e  
t u b e  was made t o  a s c e r t a i n  t h a t  t h e  h i g h  p r e s s u r e  d a t a  
d i s c u s s e d  above a r e  m e a n i n g f u l ,  i .e. may be a p p l i c a b l e  
t o  t h e  l a r g e  t u b e .  The oxygen i n d e x  was t h u s  chosen f o r  
a comparison.  It was q u i t e  unexpec ted  t o  f i n d  t h a t  
d e t o n a t i o n s  need a h i g h e r  oxygen i n d e x  i n  t h e  l a r g e  t u b e  
t h a n  i n  t h e  s m a l l  one,  

The c o u r s e  of  e v e n t s  f rom s p a r k  t o  d e t o n a t i o n  a s  
s k e t c h e d  b e f o r e  h e l p s  t o  u n d e r s t a n d  t h e  phenomenon. 
The e a r l y  s l o w  f l ame  and i t s  b u r n t  g a s e s  w i l l  expand i n t o  
t h r e e  d i m e n s i o n s  r a t h e r  t h a n  o n l y  i n t o  one d i r e c t i o n  a s  
i n  t h e  s m a l l  t u b e .  Thus a c c e l e r a t i o n s  a r e  s m a l l e r  and a 
f a s t  t u r b u l e n t  f l ame  w i l l  form l a t e r  o r  n o t  a t  a l l  
w i t h i n  t h e  g i v e n  geometry.  T h i s  q u a l i t a t i v e l y  e x p l a i n s  
t h e  s l o w e r  o r i g i n a l  v e l o c i t i e s  and t h e  h i g h e r  oxygen 
i n d i c e s  n e c e s s a r y  f o r  d e t o n a t i o n  i n  t h e  l a r g e  t u b e .  
Shock waves formed i n  t h e  t u r b u l e n t  f l a m e  w i l l  n o t  o n l y  
move f o r w a r d  b u t  unde rgo  m u l t i p l e  r e f l e c t i o n s  on t h e  
w a l l s  and be  more s u b j e c t  t o  a t t e n u a t i o n  before t h e y  can  
c a u s e  a d e t o n a t i o n .  

O v e r p r e s s u r e s  and o v e r d r i v e n  d e t o n a t i o n s  have  been 
o b s e r v e d  b e f o r e  b u t  have n o t  been e x t e n s i v e l y  s t u d i e d .  
They a r e  of g r e a t  i m p o r t a n c e  i f  one c o n s i d e r s  t h e  s a f e t y  
of c o n t a i n e r s  where e x p l o s i o n s  o r  d e t o n a t i o n s  may occur .  
The p r e s e n t  d a t a  a l l o w s  a c l o s e r  a n a l y s i s  of  t h e s e  
phenomena. L i t t l e  e v i d e n c e  of o v e r p r e s s u r e s  i s  found 
i n  t h e  s m a l l  t u b e ,  whereas  t r u l y  a s t o n i s h i n g  p r e s s u r e  
r a t i o s  a r e  found  i n  t h e  l a r g e  t u b e ,  It  seems t h a t  two 
phenomena c o n t r i b u t e  t o  t h e  l a r g e  p r e s s u r e s  o b s e r v e d  
and b o t h  c a n  o n l y  o c c u r  i n  m a r g i n a l  d e t o n a t i o n s .  I n  
t h e  f i r s t  c a s e  a d e t o n a t i o n  d e v e l o p s  so l a t e  i n  t h e  t u b e  
t h a t  t h e  u n b u r n t  g a s  was a l r e a d y  p recompressed  b e f o r e  
t h e  d e t o n a t i o n  r e a c h e s  t h e  end of t h e  t u b e ,  Ev idence  
of t h i s  p r e c o m p r e s s i o n  h a s  been found ;  it h a s ,  however,  
t o  be p o i n t e d  o u t  t h a t  e v e n t s  u n d e r  c o n d i t i o n s  of  
m a r g i n a l  d e t o n a t i o n  a r e  n o t  v e r y  r e p r o d u c i b l e .  A l s o  t h e  
p r e s s u r e  t r a n s d u c e r s  had t o  be  c a l i b r a t e d  t o  r e a d  up t o  
100 atm t h u s  a p recompress ion  of one o r  t w o  a t m o s p h e r e s  
i s  d i f f i c u l t  t o  d e t e c t  on t h e  r e c o r d s .  As d e t o n a t i o n s  

i 



deve loped  i n  t h e  s m a l l  t u b e  a lways  v e r y  e a r l y ,  t h e  
d e t o n a t i o n  c o u l d  o v e r t a k e  t h e  p recompress ion  wave and 
no o v e r p r e s s u r e s  a r e  p o s s i b l e .  

r e f l e c t i o n  of shock waves a t  t h e  end of  the  t u b e  w i t h  
p o s s i b l e  c o n t r i b u t i o n s  from t h e  a d i a b a t i c  compress ion  
i n  t h e  t a p e r e d  end s e c t i o n  of  t h e  l a r g e  tube .  
I g n i t i o n s  have  been  obse rved  due t o  i n c i d e n t ,  r e f l e c t e d  
and doub le  shock  waves. I n  e a c h  c a s e  t h e  i g n i t i o n  o c c u r s  
i n  precompressed  g a s ,  t h u s  l e a d i n g  t o  o v e r p r e s s u r e s .  
The l a r g e s t  p r e s s u r e  r a t i o  obse rved  b e i n g  80. 

It was hoped t h a t  p a v e r f u l  w a t e r  c u r t a i n s  would 
c a u s e  d e f l a g r a t i o n s  o r  d e t o n a t i o n s  t o  d i e  o u t  or a t  l e a s t  
t o  modera te  a p p r e c i a b l y  t h e  p r e s s u r e  p e a k s  i n  t h e  v e s s e l .  
T h i s  was n o t  found t o  be t h e  c a s e .  D e t a i l s  of t h e  e v e n t s  
i n  t h e  w a t e r  c u r t a i n s  a r e  f u l l y  d i s c u s s e d  i n  t h e  p r e v i o u s  
p a r a g r a p h ,  

F i n a l l y  it may be ment ioned  t h a t  the  v e r y  h i g h  
p r e s s u r e  p e a k s  c o u l d  be f u l l y  s u b s t a n t i a t e d  by s t r a i n  
gage  measurements  on t h e  o u t s i d e  w a l l  of t h e  l a r g e  
vessel. 

A second c a u s e  of o v e r p r e s s u r e s  i s  due t o  t h e  
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LOCATIONS OF STATIONS AND WATER IEJJECTION PORTS 

DISTANCE FROM SPARK. metera 

51-6 ca TUBE S 8 T T U B E  

1 000 0.80 
1.53 

1 e 4 8  3.30 
2&9 5031 
3.50 6.30 
1.00 7030 
5.d 7.80 
6.01 8.30 
7.01 8.80 
8.01 
8.51 
9.m 
9;51 
9.85 

UATER INJECTION PORT - 1.79 
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TABSLE V I 1  

SU’hNARY OF WATER INJECTION RUNS AND SIMILAR RUNS WITHOUI WATER INJECTIOI? 

Fm3L 0.1. O/F 

H2 0.21 0.52 
.21 .53 
21 .54 
.21 .63 
‘.21 .67 
e29 e 5 1  
2 9  -53 
e30 -54 
.30 -53 
.33 .56 
.37 .59 
e40 *57 

C2H4 0.21 3.1 
21 3.3 
.23 3.i 
-33 3.1 
.34 3.3 
.37 3.4 
e38 3.3 
2 8  3.6 
.39 3.3 

CH4 0.32 2.1 
.32 2.3 

.36 2.3 

.37 1.8 

.39 2.1 

.39 2.1 

.39 2.2 

.45 1.8 

.45 2.2 
-45 2.3 
.47 2.1 
.47 2.2 
.48 2.2 
.48 2.5 
.49 2.1 

. .% 2.5 
.57 2.1 

e35 2.8 

RUN NO. 
1oB-1-x 

E6 
u5 
52 
U6 
137 
I31 
l30 
lI.2 
n 3  
55 

ll.0 
56 

I34 
127 
93 
96 

u3 
97 
107 
109 
108 

71 
u2 
89 

u.5 
83 
73 
72 

116 
84 

117 
u.8 
l24 
lY, 
120 
90 

I l 9  
91 
5 1  

51 
51 
a 
a 
5 1  
5 1  
5 1  
51 
a 
.a 
51 
a 

51 
51 
a 
a 
5 1  
a 
48.5 
a 
5 1  

a 
5 1  
a 
51 
a 
48.5 
a 
a 
a 
51 
51  
a 
51  
51 
a 
51 
a 
36 

Signal; Sac. 

0.86 - 
2 5 

-.8 . 
d.8 - 

.21 

- 
.86 

-.8 

.u 

.17 

- 
2 0  

I 

-2 5 
.28 

.19 
4 8  

.37 

Apparently no Combustion 
Apparently no Combustion 
Deflagration 
Deflagration 
Deflagration 
Apparently no Combustion 
Detonation 4 - 9 
Detonation 4 - 9 
Detonation 4 - 9 
Detonation 2 - 5 
Detonation 0 - 2 
Detonation 2 - 5 
Apparently no Combustion 
Apparently no Combustion 
Deflagration 
Aut oignition 
Detonation 4 - 9 
Detonation 2 - 5 
Aut oignit  ion 
Detonation 3 - 9 
Autoignition 

Deflagration 
Apprent ly  no Combustion 
De fhgrat  i on 
De flagrat ion 
Deflagration 
Apprent ly  no Conbustion 
Autoignition 
Deflagration 
Deflagration 
Apparently no Combustion 
Autoignit ion 
Autoignition 
Autoignition 
Autoignition 
Autoignition 
Detonation 4 - 9 
Detonation 2 - 5 
Detonation 0 - 2 

a - No water injected in these 171~19. 
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